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While the Dynamo-Electric Machine has, 
within a comparatively short period, achieved a 
most wonderful development in connection with 
the rapidly increasing application of electricity 
r/ to the useful arts, yet the essential principles of 
'^^ its construction and operation appear to be but 
<\ iniperfeetly understood, even by otherwise well- 
'^ informed electricians. The forms in which it 
r^ has appeared have already become so numerous 

and varied, and the conditions of its construc- 
tion and use are so complex in their mutual 
relations, as not only to defy all general 
methods of mathematical investigation, but to 
a considerable extent even satisfactoiy classifi- 
cation. 

The great value of Professor Thompson's 
work, especially to the student and investi- 
gator, is mainly due to his masterly power of 
analysis, as shown in his method of logically 
grouping the various dynamos in connection 
with certain typical forms, each possessing 
characteristic individual elements, which are 
readily comprehended, and when once fixed in 
the mind, are instantly recognized wherever 
found. Hence, any existing machine, or any 
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new machine which may hereafter appear, may 
be at once referred to its proper type, and the 
essential features of its organization compared 
with those of its rivals or predecessors. 

The present series of lectures, like all the pro- 
ductions of its eminent author, are characterized 
not only by a thorough mastery of the subject, 
both in its theoretical and practical aspects, but 
by a felicity of classification, and a conciseness 
and clearness of statement and illustration, 
which literally leaves nothing to be desired. It 
forms a work which will be found alike indis- 
pensable to the educated electrician, the student, 
the inventor, and the intelligent mechanic or 
apprentice. 

The correction of a few obvious, and un- 
important errors, appearing in the text of the 
lectures, as originally published, and the inser- 
tion of a number of additional notes and refer- 
ences, by my associate, Mr. Howard R. Butler, 
and myself, will, it is hoped, add somewhat to 
the value of the work, especially to American 
readers. Such additions have been bracketed 
with the initials of the writers, in order that 
they may be distinguished from those of the 
author. Frank L. Pope. 

Elizabeth, N. J., May 10, 1883. 



Dynamo-Electric Machinery. 

I. 



The Dynamo in Theory. 

By "Dynamo-electric Machinery," in 
the most general etymological sense of 
the term, is meant machinery for convert- 
ing the energy of mechanical motion into 
the energy of electric currents, or vice 
versa. From this wide definition must 
be excepted machines like the well-known 
statical induction-machine of Holtz, whose 
action is purely electrostatic. Those ma^ 
chines only are included in the definition 
whose action is dependent on the princi- 
ple of electro-magnetic induction, discov- 
ered by Faraday, in 1831. It is, how- 
ever, not quite easy to decide what 
machines shall be called dynamo- electric 
machines, because the semse in which the 
term is used commonly is narrow, and 
restricted in a manner not quite logical. 



The nkme dynamo-electric machine ap- 
pears to have been first employed by Dr. 
Werner Siemens, in his communication 
of January 17th, 1867, to the Berlin 
Academy, in which he described a ma- 
chine for generating electric currents by 
the application of mechanical power, the 
cuiTents being induced in the coils of a 
rotating armature by the action of elec- 
tro-magnets, which were themselves ex- 
cited by the currents so generated. The 
machine was, in factj a self-exciting 
dynamo, with the field magnets and 
armature united " in series " to the ex^ 
ternal circuit, or what we now call a 
" series-dynamo," a diagramatic represen- 
tation of which is given in Fig. 1. But 
the term dynamo-electric machine, then 
introduced into electric technology, has 
not remained thus restrained to its nar- 
rowest meaning. It was next applied to 
machines of kindred nature, in which, 
though self-excited, only a portion of the 
entire current generated by the rotating 
armature was applied to excite the field- 
magnets (see Fig. 2). This principle of 
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Fig. I. 



. working (now loiown as that of the 
" shtmt-dynamo "), first introduced by 
Wheatatone, is but a variation of the 
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former arrangement in detail, and no vio- 
lence is done to the original term to 
apply it to both cases. In fact, the name 
was welcomed as being convejoifint in 
practice for distinguishing such machines 
from those which were not self-excited — 
those in which either steel magnets or 
separately excited electro-magnets were 
used to produce the magnetic field. 

But since the great development of 
electric lighting took place, it has been 
found convenient to use generating ma- 
chines in certain combinations, in which 
the self- exciting principle is abandoned. 
Some systems of electric lights require 
alternating currents, produced in ma- 
chines which cannot excite their own 
magnets with a continuous magnetiza- 
tion : and there are other systems where 
continuous currents are employed, in 
which also practice has shown that the 
currents are better regulated when the 
magnets of the dynamos are separately 
excited by currents derived from an ex- 
ternal source. There is, then, a third 
class of dynamo-electric machine, the 



THE SHTTNT PTNAHO. 

"separately-excited djnamo" (Fig. 3), 
wliich was indeed earlier than either of 
the preceding, haring been brought 
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out by Wilde in 1866. A dynamo is a 
dynamo in fact, whether its magnets be 
excited by the whole of its own cuiTent, 
or by a part of its own current or by a 
current from an independent source. 
The source of the magnetizing power 
is indifferent, provided a magnetic 
"field" of sufficient intensity be pro- 
duced wherein the generating coils can 
be rotated. Now, as it does not matter 
where the magnetizing power comes 
from, it is clear that we must include 
amongst possible sources the power of 
permanent steel magnets. In short, the 
arbitrary distinction between so-called 
magneto-electric mechines (see Fig. 4) 
and dynamo-electric machines fails when 
examined carefully. In all these machines 
a magnet, whether permanently excited, 
independently excited, or self -excited, is 
employed to provide a field of magnetic 
force. And in all of them dynamical 
power is employed to do the work of 
rotating the coils of the armature, in 
order to generate the electric currents. 
The true and compreheDsive definition 



I 
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FiE.3. 



TBE 8EPABATELY-ZXCITED DYNAUO. 

ol a dynamo-electric machine,, is then, the 
following: A dynamo-electric machine ia 
a macbine for converting energy in tbe 
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form of dynamical power into energy in 
the form of electric currents, by the op- 
eration of setting conductors (usually in 
the form of coils of copper wire) to ro- 
tate in a magnetic field. 

Inasmuch, however, as every dynamo- 
electric machine, in the most general 
sense of the term as now laid down, will 
work as a motor, and becomes a source 
of mechanical power when supplied with 
electric currents, it is possible -to discuss 
dynamo-electric machinery from the op- 
posite points of view in serving the two 
converse functions, in short, to treat the 
dynamo on the one hand as a generator, 
on the other hand as a motor. 

It is as a generator only that the action 
of the dynamo will be considered in the 
first two of these lectui'es, reserving con- 
sider.! tionja resjDecting its functions as a 
motor for the third lecture of the present 
course. 

The Dynamo in Theory. 

To treat exhaustively the theory of dy- 
namo-electric machines, would require not 



one lecture, but many. It would be ne- 
cesBary, moreover, to tnter upon lengtliy 
mathematical and geometrical discus- 
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sions, which would be out of place in the 
present course, which is expected to deal 
with' subjects from an industrial, rather 
than from a purely scientific aspect. The 
mathematical theory of the dynamo is, 
indeed, very complex, and takes different 
forms for its expression in the four class- 
es of machine now included under the one 
name of " dynamo." For every different 
variety in each of these classes, there is a 
fresh variety of mathematical symbols. 
The theory of alternate current machines 
is entirely different from that of machines 
which are to furnish continuous and con- 
stant currents. Every form of armature 
and coils requires its own specific treat- 
ment in symbols ; and the simple consid- 
eration of putting iron cores into the 
coils, when treated mathematically, intro- 
duces such complex expressions as to 
yield no hopes of a satisfactory general 
solution. 

The theory of the dynamo, then, which 
will be developed in the present lecture, 
will not be a general mathematical theory. 
The aim will be to deal with physical and 
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experimental rather than mathematical 
ideas. A physical theory of the dynamo 
^B not new, though none of great com- 
pleteness has yet been given,* most of 
snch explanations being devoted to single 
machines of some particular type. 

It will here be my aim to develop a 
general physical theory, applicable to all 
the varied types of dynamo-electric ma- 
chines, and to trace it out into a number 



* See Du Moncel (Expose des Applications <U VElec- 
triciUy vol. ii.) ; Nlaudet, Machines Electriques ; Schel* 
len, Die MctgneUund Dynamo-ekktrischen Maschinen; 
Antoine Bregniet (see AfmalUs de Chimie et de Physique, 
1879). See also some theoretical papers by Clerk 
Maxwell in Philosophical Magaxine, 1867, and by MM. 
Marcel Deprez, Cabanellas, de Gourant, and others in 
the Comptes Rendus ; also sundry papers by FrOllch, 
Werner Siemens, Haj^cnbach, and others in the 
EUktroUchfdKh/s Zeitschrift, and other German publi- 
cations. Of more genend scope is the phy:<ical theory 
advanced by the late M. Antoine Breguet, which deals 
with dyamos of the Gramme and Siemens type, and 
of which a detailed summary is given in Dredge's 
Electric Illumination. In an introductory chapter of 
the same worl^ I have endeavored to lay the founda- 
tion of a more general physical throry. An admirable 
series of papers on the mathematical theory of dy- 
namo^lectric machines, from the pen of a well- 
known professor of physics, is at present appearing 
in the columns of The Electrician. 
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of coroUarieB, bearing upon the construc- 
tion of such machines. Having recited 
these consequences, which we shall deduce 
from theory, it will then remain to see 
how these consequences are verified and 
embodied in the various forms assumed 
by the dynamo in practice. 

Physical Theory of Dynamo-Electric 

Machines. 

All dynamos are based upon the dis- 
covery made by Faraday in 1831, that 
electric currents are generated in conduc- 
tors by moving them in a magnetic field. 
Faraday's principle may be enunciated 
as follows : When a conductor is moved 
in a field of magnetic force in any way so 
as to cut the lines of force, there is an 
electrdmotive force produced in the con- 
ductor, in a direction at right angles to 
the direction of the motion,* and at right 
angles also to the direction of the lines 
of force, and to the right of the lines of 

♦ Or, more strictly, to the resolved part of the mo- 
tion in a plane perpendicular to the lines of force. 
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force, as viewed from the point from 
which the motion originates.* 

This induced electromotive force is, as 
Faraday showed, proportional to the 
number of lines of magnetic force cut per 
second ; and is, therefore, proportional to 
the intensity of the magnetic " field," and 
to the length and velocity of the moving 
conductor. For steady currents, the 
flow of electricity in the conductor is, by 
Ohm's well-known law, directly propor- 
tional to this electromotive force, and in- 
versely proportional to the resistance of 
the conductor. For sudden currents, or 
cuiTents whose strength is varying rap- 
idly, this is no longer true. And it is 
one of the most important matters, though 
one too often overlooked in the construc- 
tion of dynamo-electric machinery, that 
the " resistance " of a coil of wire, or of a 

* A more usual rule for remembering the direction 
of the induced currents is the following adaptation 
from Ampere's well-known rule : Supposing a figure 
swimming in any conductor to turn so as to look along 
the (positive direction of the) lines of force. Then, if 
he and the conductor be moved towards his right 
hand, he will be swimming with the current induced 
by this motion. 
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circuit, is by no means the only obstacle 
offered to the generatio^ of a momentary 
current in that coil or circuit ; but that, 
on the contrary, the self-induction exer- 
cised by one part of a coil or circuit upon 
another part or parts of the same, is, in 
many cases, quite as important a consid- 
eration, and in some cases a more import- 
ant consideration, than the resistance. 

To understand clearly Faraday's prin- 
ciple—that is to say, how it is that the 
act of moving a wire so as to cut magnet- 
ic lines of force can generate a current of 
electricity in that wire— let us inquire 
what a current of electricity is. 

A wire through which a current of 
electricity is flowing looks no different 
from any other wire. No man has ever 
yet seen the electricity running along in a 
wire, or knows precisely what is happen- 
ing there. Indeed, it is still a disputed 
point which way the electricity flows, or 
whether or not there are two currents 
flowing simultaneously in opposite direc- 
tions. Until we know absolutely certain- 
ly what electricity is, we cannot expect 
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to know precisely what a carrent of 
electricity is. Bat no electrician is in 
any doubt as to one most vital matter, 
namely, that when an electric current 
flows ttopough a wire, the magnetic forces 
with which that wire is thereby, for the 
time, endowed, reside not in the wire at 
all, but in the space surrounding it. 
Every one knows that the space or ^'fleld" 
surrounding a magnet is full of magnetic 
'' lines of force," and that these lines run 




LINEET OF FORGE OF BAR-MAONET. 

in tufts (Fig. 6) from the N-pointing 

pole to the S-pointing pole of the mag- 

. net, invisible until revealed by dusting 

f ron filings into the field, whereby their 

presence is made known, though they 



■are always in reality there (Fig. 6). 
A view of the magnetic field at the pole 



MAGNETIC FIELD OF BAB-MAGNET. 

of a bar-magnet, ae seen end-on, would 
of course exhibit merely radial lines, as in 
Fig, 7. 



Now, CTCry 'electric current ^so-called) 
Ib surrounded by a magnetic field, the 



MAGNETIC FIELD BOUND ONE POLE, ESD-ON. 

lines of which can be similarly revealed. 
To observe them, a hole is bored through 
a card or a piece of glass, and the wire 
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which carries the current must be passed 
up through the hole. When iron filings 
are dusted into the field they assume the 
form of concentric circles (Fig. 8), show- 
ing that the lines of force run completely 
round the wire, and do not stand out in 
tufts. In fact, every conducting wire is 
surrounded by a sort of magnetic whirl, 
like that shown in Fig. 9. A great part 
of the energy of the so-called electric cur- 
rent in the wire consists in these exter- 
nal magnetic whirls. To set them up 
requires an expenditure of energy; and 
to maintain them requires also a constant 
expenditure of energy. It is these mag- 
netic whirls which act on magnets, and 
cause them to set as galvanometer need- 
les do, at right angles to the conducting 
wire. 

Now, Faraday's principle is nothing 
more nor less than this : That by moving 
a wire near a magnet, across a space in 
which there are magnetic lines, the mo- 
tion of the wire, as it cuts across those 
magnetic bnes, sets up magnetic whirls 
round the moving wire, or, in other Ian- 



goage, generates A Bo-called current, of 
electricity in 1 hat wire. Poking a mag- 



UA.ONETIC FIELD BUHUODNDINO CCRBENT. 
THE COBDOCTISO WIKE 8EEN END OS. 

net-pole into a loop or circuit of wire 
also necessarily generates a momentary 
current in the wire loop, because it mo- 
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Fig. 9. 



mentarily Bets up magnetic whirls. In 
Faraday's language, this action increases 
the number of magnetic lines of force in- 
tercepted by the circuit. 
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It is, however, necessary that the mov- 
ing conductor should, in its motion, so 
cut the lines of force as to alter the num- 
ber of lines of force that pass through 
the circuit of which the moving conduc- 
tor forms part. If a conducting circuit 



Fig. 10. 



4- 




.^^^ ■> 




CIECUIT MOVED WITHOUT CUTTING LINES OF 
FORCE OF UNIFORM MAGNETIC FIELD. 



— a wire ring or single coil, for example 
— be moved along in a uniform magnetic 
field, as indicated in Fig. 10, so that only 
the same lines of force pass through it, no 
current will be generated. Or, if again, as 
in Fig. 11, the coil be moved, by a motion 
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of ^translation, to another part of the uni- 
form field, asjmany lines of force will be 
left behind as are gained in advancing 
from its first to its second position, and 
there willjbe no current generated in the 
coil. If the coil be merely rotated on 

Rg. IK 




CIRCDIT MOVED \SaTHOUT CUTTING ANY 
MORE LINES OF FORCE. 



itself round a central axis, like the rim of 
a fly-wheel, it will not cut any more lines 
of force than before, and this motion will 
generate no current. But if, as in Fig. 
12, the coil be^tilted in its motion across 
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the miiform field, or rotated round any 
axis in its own plane, then the number of 
lines of force that traverse it will be al- 
tered, and currents will be generated. 
These currents will flow round the ling- 

Fig. 12. 




CIRCUIT MOVED 80 AS TO ALTEB NUMBER 
OF LINES OF FORCE THROUGH IT. 

coil in the positive* sense (as viewed 
from the point toward which the lines of 
force run), if the effect of the movement 

* The positive sense of motion round a circle is that 
opposite to the sense in which the hands of a clock go 
ronnd. 
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is to diminish the number of lines of 
force that cross the coil ; they will flow 
round in the opposite sense, if the eflfect 
of the movement is to increase the num- 
ber of intercepted lines of force. 

Fig. 13. 




MOTION OF CIBCUIT IN NON-UNIFORM 
MAGNEIIO FIELD. 



If the field of force be not a uniform 
one, then the effect of taking the coil, by 
a simple motion of translation, from a 
place where the lines of force are dense 
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to a place where they are less dense, as 
from position 1 to position 2 in Fig. 13, 
will be to generate currents. Or, if the 
motion be to a place where the lines of 
force run in the reverse direction, the ef- 
fect will be the same, but even more pow- 
erful. 

We may now summarize the points un- 
der consideration, and some of their im- 
mediate consequences, in the following 
manner : 

(1.) A part, at least, of the energy of 
an electric current exists in the form of 
magnetic whirls in the space surroimding 
the conductor. 

(2.) Currents can be generated in con- 
ductors by setting up magnetic whirls 
round them. 

(3.) We can set up magnetic whirls in 
conductors by moving magnets near 
them, or moving them near magnets. 

(4.) To set up and maintain such mag- 
netic whirls uses up a continuous expen- 
diture of energy, or, in other words, con- 
sumes power. 

(5.) To induce currents in a conductor. 
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there must be relative motion between 
conductor and magnet of such a kind as 
to alter the number of lines of force em- 
braced in the circuit. 

(6.) Increase in the number of lines of 
force embraced by the circuit produces a 
current in the opposite sense to decrease. 

(7.) Approach induces an electromo- 
tive force in the opposite direction to 
that induced by recession. 

(8.) The more powerful the magnet 
pole or magnetic field, the stronger will 
be the current generated (other things 
being equal). 

(9.) The more rapid the motion, the 
stronger will be the currents. 

(10.) The greater the length of the 
moving conductor thus employed in cut- 
ting lines of force (i.e., the longer the 
bars, or the more numerous the turns of 
the coil), the stronger will be the cur- 
rents generated. 

(11.) The shorter the length of those 
parts of the conductor not so employed, 
the stronger will be the current. 

(12.) Approach being a finite process. 
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the method of approach and recession (of 
a coil towards and from a magnet-pole) 
mast necessarily yield currents alternat- 
ing in direction. 

(13.) By using a suitable commutator, 
all the currents, direct or inverse, pro- 
duced during recession or approach, can 
be turned into the same direction in the 
wire that goes to supply currents to the 
extem€d circuits, thereby yielding an 
almost uniform current. 

(14.) In a circuit where the flow of 
currents is steady* it makes no difference 
what kind of magnets are used to procure 
the requisite magnetic field, whether 
permanent steel magnets or electro-mag- 
nets, self-excited or otherwise. 

(15.) Hence the current of the genera- 
tor may be itself utilized to excite the 
magnetism of the field-magnets, by being 
caused, wholly or partially, to flow round 
the field magnet coils. 

A very large number of dynamo-elec- 

* For currents that are not steady, there are other 
considerations to be taken into account, as will be 
shown hereafter. 
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trie machines have been constructed upon 
the foregoing principles. The variety is 
indeed so great, that classification is not 
altogether easy. Some have attempted 
to classify dynamos according to certain 
constructional points, such as whether 
the machine did or did not contain iron 
in its moving parts (which is a mere acci- 
dent of manufacture, since almoet all 
dynamos will work either with or without 
iron in their armatures, though not 
equally well); or whether the currents 
generated were direct and continuous, or 
alternating (which is in many cases a 
mere question of arrangement of parts of 
the commutator or collectors) ; or what 
was the form of the rotating armature 
(which is, again, a matter of choice in 
construction, rather than of fundamental 
principle). The classification which I 
shall adopt, is one which I have found 
more satisfactory and fundamental than 
any other. I distinguish three genera or 
main classes of dynamos. 

Class Z— ^Dynamos in which there 
is rotation of a coil or coils in a uni- 



form* field of force, such rotation being 
effected (as in the manner indicated in 
Fig. 12), round an axis in the plane of 
the coil, or one parallel to such an axis. 

Examples.— Gramme, SicmenH (AUeneckl, 
Edison, Loutin, Bargin, Fein, Scliflckeit, 
JUrgensen, Weslon (ThomBon's Mousem ill- 
dynamo). 

Class Z/^^DynamoB in which there is 
translationt of coOb to difforentpartsof a 

* Or approximately DtiKorai. A Oracnme ring, or a 
Siemens dram armature, will work In a by no means 
DnKorm field, bot U adapted to work In a field In 
wblch the lineH of force ran uniformly from one side 
to the other. But in sach a field, a multipolar arma- 
ture of many colts, such as that of Wilde, or euch aais 
used In the Gramme alternate-current, or In the 
Siemens alternate-current machine, is useless and out 
(•(place. Indeed, the classlflcatlon almost amounts 
tosaylnetbat 1q machines of Class I, there is one field 
of force, while in machines of Class II. there are 
many fieWs of force, or the whole field of force la 

t The motion by which the individual coils are car- 
ried round on such armatures as those of Niaudet, 
WaUaoe-Farmer, Siemens (alternaie), &c,, is, of 
course, not a pure tranelation. It ma; be regarded, 
however, as a combination of a motion of tranalatloD 
of the coll round the circumference of a oiroie, with a 
rotaUon of the ooll roaud Its own axla, which, as we 
have seen above, has no electrical effect. It is, of 
course, the translation of the coil to different parts of 
the field which is the effective motion. 
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complex field of varying strength, or of 

opposite sign. Most, but by no means all, 

of the machines of this class furnish 

alternate currents. 

Examples.— Pixii, Clarke, Niaudet, Wallace- 
Farmer, Wilde (alternate), Siemens (alternate), 
Hopkinson and Muirhead, Thomson (alternate), 
Gordon (alternate), Siemens- Alteneck (Disk 
Dynamo), Edison (Disk Dynamo), De 
Meritens. 

Class IIL — Dynamos having a con- 
ductor rotating so as to produce a con- 
tinuous increase in the number of Hues of 
force cut, by the device of sliding one 
part of the conductor on or round the 
magnet, or on some other part of the 
circuit. 

Examples. — Faraday's Disk-machine, Sie- 
mens's (** Unipolar" Dynamo), Voice's Dyna- 
mo. 

One machine, and one only, am I aware 
of which does not fall exactly within any 
of these classes,* and that is the extraor- 



* There are a few dynamos, including the Elphln- 
stone Vincent, and the four pole GUlcher, which, 
though really belonging to the first class, are not 
named above, because they are, in reality, compound 
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dinary tentative dynamo of Edison, in 
which the coils are waved to and fro at 
the ends of a gigantic tuning-fork, 
instead of being rotated on a spindle.* 

Suppose, then, it were determined to 
construct a dynamo upon any one of 
these plans — say the first — ^a very slight 
acquaintance with Faraday's principle 
and its corollari.es would suggest that, to 
obtain powerful electric currents, the 
machine miist be constructed upon the 
following guiding lines : — 

(a.) The field-magnets should be as 
strong as possible, and their poles as near 
together as possible. 

(b.) The armature should have tlie 
greatest possible length of wire upon its 
coils. 

machines. The Glllcher, with its doubled field ma^r- 
nets and four ooUectingr brushes, is really a double 
machine, though it has but one rotatinf? ring. The 
same is the case with an octagonal pattern Gramme, 
which has four brushes. The Elphinst one-Vincent 
machine, a remarkable, one in many respects, is a 
triple machine, haying six brushes ; and may, indeed, 
be used as three machines, to feed three separate 
circuits. 

[*Thi8 curious invention is described in Edison^s 
patent. No. 218,166, of Sept 9, 1879.] 



36 

(e.) The wire of the armature coils 
should be as thick as possible,so as to offer 
little resistance. 

(d,) A very powerful steam-engine 
should be used to turn the armature, be- 
cause, 

(6.) The speed of rotation should be as 
great as possible. 

Unfortunately, it is impossible to realize 
all these conditions at once, as they are 
incompatible with one another; and, 
moreover, there are a great many addi- 
tional conditions to be observed in the 
construction of a successful dynamo. We 
will deal with the various matters in 
order, beginning with the speed of the 
machine. 

Relation of Speed to Power. 

Theory shows that, if the intensity of 
the magnetic field be constant, the elec- 
tromotive force should be proportioned 
to the speed of the machine. Numerous 
experiments, by many different workers, 
have shown that this is true, within cer- 
tain limits, for those machines in which 
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the field magnets are independent of the 
main circuit, that is to say, for magneto 
and separately excited dynamos. It is 
not, however, quite exact unless the resis- 
tance of the circuit be increased propor- 
tionately to the speed, because the cur- 
rent in the coils itself re-acts on the 
magnetic field, and alters the distribution 
of the lines of force. The consequence of 
this reaction is that, firstly, the position 
of the " diameter of commutation " is 
altered ; and, secondly, the effective num- 
ber of lines of force is reduced. So that, 
with a constant resistance in circuit, the 
electromotive force, and therefore the 
current, are slightly less at high speeds 
than the proportion of the velocities 
would lead one to expect. Since the 
product of current into electromotive 
force gives a number proportional to the 
electric work of the machine, it follows 
that, for "independently excited" ma- 
chines, the electric work done in given 
time is nearly proportional to the square 
of the speed, and the work drawn from 
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the steam-engine will be similarly propor- 
tional to the square of the speed. 

In self-exciting machines, whether 
"series" or "shunt'* in their arrange- 
ments, a wholly different law obtains. If 
the iron of the field-magnetsbe not mag- 
netized near to saturation, then, since the 
increase of current consequent on in- 
crease of speed produces a nearly pro- 
portional increase in the strength of the 
magnetic field, this increase will re-act on 
the electromotive force, and caiise it to 
be proportional more nearly to the square 
of the velocity, which again will cause the 
current to increase in like proportion. 
But since the magnetization of the iron 
is, even when far from saturation point, 
not exactly proportional to the magnetiz- 
ing force, but something less, it is in 
practice found that the electric work of 
the machine is not proportional to the 
fourth power of the speed, is not even 
proportional to the third power of the 
speed, but to something slightly less than 
the latter. 
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As mechanical considerations forbid 
too high a velocity in the moving parts, it 
is clear that, if there be a limiting speed 
at which it is safe to run any given arma- 
ture, the greatest amount of work will be 
done at that speed by using the most 
powerful magnets possible, namely, 
electro -magnets rather than magnets of 
steel. 

Marcel Deprez has shown* that it is 
convenient to study the action of dyna- 
mos, by constructing a curve which he 
calls a " characteristic," showing, for any 
given speed, the relation between electro- 
motive force and strength of current gen- 
erated in a circuit of given resistance. 
Amongst other conclusions, M. Deprez 
has found that for every dynamo there is 
a certain speed which we may call the 
'* critical speed," at which, no matter what 
the current is which circulates in the coils 
of the field magnets, the electromotive 
force is proportional to the strength of 

* Compt^ Rendus, 1881, and eteewhere. For an ex- 
cellent gummary of the work of M. Depr^s, 8ee La 
Lumiere Electrique, February 18, 1888. 



40 



that current ; and he bases upon the dis- 
covery of this critical speed two methods 
of utmost importance in practice, for ob- 
taining, automatically, either a constant 
electromotive force or a constant current 
at will, in a circuit in which the resist- 
ances are varied to any degree. 

In all these combinations, however, 
everything depends upon the condition 
that the driving speed shall be uniform. 
For all the best kind of electric work, a 
gas-engine is wholly out of the question 
as a source of power, because of its ex- 
treme inequalities in speed. Even with 
the best steam-engines, a specially sensi- 
tive valve is required ; and probably such 
valves will, in the future, be operated 
electrically by self-acting electro-magnet 
gearing. In any case, where the driving 
is at all liable to be uneven, the obvious 
and simple precaution should be taken of 
placing a heavy fly-wheel on the axis of 
the dynamo. It is, indeed, singular that 
this is not more generally done. 
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Field- Magnets. 

The coils of the field-magnets of a dy- 
namo cannot be constructed of no resist- 
ance. They, therefore, always waste 
some of the energy of the currents in heat. 
It has, therefore, been argued that it 
cannot be economical to use electro-mag- 
nets in comparison with permanent mag- 
nets of steel, which have only to be mag- 
netized once for all. Nevertheless, there 
are certain considerations which tell in 
favor of electro-magnets. For equal 
power, their prime cost is less than that 
of steel magnets, which, moreover, are 
not permanent, but require remagnetizing 
at intervals. Moreover, as we have seen, 
from the fact that there is a limiting ve- 
locity at which it is safe to run a machine, 
it is important, in order not to have ma- 
chines of needlessly great size, to use the 
most powerful field-magnets possible. 
But if we do not get our magnetism for 
nothing, and find it more convenient to 
spend part of our current upon the elec- 
tro-magnets, economy dictates that we 
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should so construct them that their 
magnetism may cost us as little as possi- 
ble. To magnetize a piece of iron re- 
quires the expenditure of energy; but 
when once it is magnetized, it requires no 
further expenditure of energy (save the 
slight loss by heating in the coils, which 
may be reduced by making the resistance 
of the coils as little as possible) to keep 
it so magnetized, provided the magnet is 
doing no work. Even if it be doing no 
work, if the current flowing roiind it be 
not steady, there will be loss. If it do 
work, say in attracting a piece of iron to 
it, then there is an immediate and corre- 
sponding call upon the strength of the 
current in the coils, to provide the need- 
ful energy. This point may be illustrated 
by the following experiment: — Let acur- 
rent from a steady source (see Fig. 14) 
pass through an incandescent lamp, and 
ilso through an electro -magnet, whose 
iores it magnetiKes, When once estab- 
lished, the current is perfectly steady, 
md none of its energy is wasted on the 
magnet (save the negligible trifle due to 



tbe resietance of the coila). But if nuw 
the magnet is allowed to do work in 
attracting an iron bar towards itself, the 
light of the lamp is seen momentarily to 

Fig, 14. 




fade. When the iron bar is snatched 
away, the light exhibits a momentary in^ 
crease ; in each case resuming its original 
intensity when the motion ceases. NoW; 
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in a dynamo where, in many cases there 
are reyolving parts containing iron, it is 
of importance that the approach of a re- 
cession of the iron parts should not pro- 
duce such reactions as these in the mag- 
netism of the magnet Large, slow-act- 
ing field-magnets are therefore adyisable. 
The following points embody the con- 
ditions for attaining the end desired. 

{(f.) The body of the field-magnets 
should be soUd. Even in the iron itself 
currents are induced, and circulate round 
and round wheneyer the strength of the 
magnetism is altered. These self -induced 
currents tend to retard all changes in 
the degree of magnetization. They are 
stronger in proportion to the square of 
the diameter of the magnet, if cylindrical 
or to its area of cross-section. A thick 
magnet will, therefore, be a slow-acting 
one, and will steady the cuiTent induced 
in its field. 

(b.) Use magnets having in them plenty 
of iron. It is important to have a suffi- 
cient mass, that saturation may not be 
too soon attained. 
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(c.) Use the softest possible iron for 
field-magnets, not because soft iron mag- 
netizes and demagnetizes qnicker than 
other iron (that is here no advantage) ; 
bat because soft iron has a higher mag- 
netic susceptibility than other iron — ^is 
not so soon saturated. 

(d.) Use long magnets. Again, the 
use of long magnets is to steady the 
magnetism, and therefore to steady the 
current. A long magnet takes a longer 
time than a short magnet to magnetize 
and demagnetize. It costs more than a 
short magnet, it is true, and requires 
more copper wire in the exterior coil ; 
but the copper wire may be made thicker 
in proportion, and will offer less resist- 
ance. The magnetism so obtained should 
be utilized as directly as possible, there- 
fore 

(e.) Place the field-magnets or their 
pole-pieces as close to the rotating arma- 
ture as is compatible with safety in run- 
ning. 

(/*.) Avoid edges and comers on the 
magnets and pole -pieces if you want a 
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uniform field. The laws of distribution 
of the magnetic lines of force round a 
pole are strikingly akin to those of the 
distribution of electrification over a con- 
ductor. We avoid edges and points in 
the latter case, and ought to do so in the 
former. If the field-magnets or their 
pole-pieces have sharp edges, the field 
cannot be uniform, and some of the lines 
of force will run uselessly through the 
space outside the armature instead of 
going through it. Theoretically, the very 
best form to give externally to a magnet 
is that of the curves of the magnetic 
lines of force. 

(g.) Reinforce the magnetic field by 
placing iron, or better still, electro-mag- 
nets, within the rotating armature. In 
many cases this is done by giving the 
armature coils iron cores which rotate 
with them ; in other cases, the iron cores 
or internal masses are stationary. In the 
former case there is loss by heating ; in 
the latter, there are structural difficulties 
to be overcome. Siemens has employed 
a stationary mass within his ix)tating 
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dram-armattire. Internal electro-mag- 
nets serving the function of concentrat- 
ing the magnetism of the field, and of so 
providing a continuous magnetic circuit, 
have been used by Lord Elphinstone and 
Mr. Vincent. A similar device obtains 
in Sir. W. Thomson's "mouse-mill" 
dynamo, and in Jiirgensen^s dynamo. 

(A.) In cases where a imiform mag- 
netic field is not desired, but where, as in 
dynamos of the second class, the field 
must have varying intensity at different 
points, it may be advisable specially to 
use field magnets with edges or points, 
so as to concentrate the field at certain 
regions. 

Pole-pieces. 

(i.) 'i he pole-pieces should be heavy, 
with plenty of iron in them, for reasons 
similar to those urged above. 

(y.) The pole-pieces should be of shapes 
really adapted to their functions. If in- 
tended to form a single approximately 
uniform field, they should not extend too 
far on each side. The distribution of the 
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electromotive force in t^e various sections 
of the coils on the armature depends 
very greatly on the shape of the pole- 
pieces. 

(k.) Pole-pieces should be constructed 
so as to avoid, if possible, the generation 
in them of useless Foucault currents.* 
The only way of diminishing loss from 
this source is to construct them of 
laminae, built up so that the mass of iron 
is divided by planes in a direction perpen- 
dicular to the direction of the currents, 
or of the electromotive forces tending to 
start such currents. 

{I) If the bed-plates of dynamos are 
of cast-iron, care should be taken that 
these bed-plates do not short-circuit the 
magnetic lines of force from pole to pole 
of the field-magnets. Masses of brass, 
zinc, or other non-magnetic metal may be 

[* The term Foucault currents has been applied to 
those currents which are induced within a solid mass 
or plate of metal when moved or rotated In a mag- 
netic field, or when stationed in the vicinity of a 
moving magnet. The energy of such currents expends 
itself either in raising the temperature of the mass or 
in stopping the motion which established the cur- 
rents.] 



49 



interposed ; bat are at best a poor re- 
source. In a well-designed dynamo, 
there should be no need of such devices. 

Field-magnet Coils. 

(m.) In order to be of the greatest pos- 
sible service, the coils of the field-mag- 
nets should be wound on most thickly at 
the middle of the magnet, not distributed 
uniformly along its length, nor yet 
crowded about its poles. The reason for 
this is two-fold. Inspection of Fig. 6, 
will show that many of the lines of force 
of a magnet " leak out " from the sides of 
the magnet before reaching its poles, 
where they should all emerge if the mass 
of the magnet were perfectly equally 
magnetized throughout its whole length. 
Intemally, the magnetization of the mag- 
net is greatest at its center. At, or near 
the center, therefore, place the magnetiz- 
ing coils, that the lines of force due to 
them may run through as much iron as 
possible. The second reason for not 
placing the coils at the end is this : any 
external influence which may disturb the 
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magnetism of a magnet, or affect the dis- 
tribution of its lines of force, affects the 
lines of force in the neighborhood of the 
pole far more than those in any other 
region. It is for this reason that in Bell's 
telephones, where it is desired to make a 
magnet most sensitive to variations in in- 
tensity, the coils are fixed on at the pole. 
In the field-magnet of a dynamo, on the 
contrary, where the magnet is wanted to 
be as steady and constant as possible in 
its magnetic power, the coils should not 
be placed on the poles. 

(?i,) The proper resistances to give to 
the field-magnet coils of dynamos have 
been calculated by Sir William Thomson,* 
who has given the following results : 

For *' series dynamo," make the resist- 
ance of the field magnets a little less than 
that of the armature. Both of them 
should be small, compared with the re- 
sistance of the external circuit. The 
rai^o of the waste by heating in the ma- 
chine, to the total electric work of the 
machine, will be : 

* British Association Report, 1881, p. 538. 
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waste : _ Bm + Ra 
total work ~ Rm + Rii + Rx 

useful work Rx 



total work Rm + Ra -f Rx 
where 

Rm is the resistance of the magnets, 

Ra *' *' " armature, 

Rx " " " external circuit. 

For a "shunt dynamo," the nile is 
different. The best proportions are when 
such that 



Rx=VRmRa, 
or that 

^ Rx^ 

also the ratio of useful work is : 

useful work __ 1 

total work - ^ ^ 2i/5r* 

^ Rm 

An example of the latter may be of 
advantage. Suppose it was wished that 
the waste should not be more than 10 
per cent, of the useful work, the ratio of 
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the fommla must equal \^^ or 1-i-l^ 

Hence y ^ must equal ^ ; or Rm the 

resistance of the field magnets must be 
400 times Ra that of the armature. 

Abmature Cores. 

(o.) Theory dictates that if iron is em- 
ployed in armatures, it must be sht or 
laminated, so as to prevent the genera- 
tion of Foucault currents.* Such iron 
cores should be structurally divided in 
planes normal to the circuits round which 
electromotiTe force is induced ; or should 
be divided in planes parallel to the lines 
of force and to the direction of the mo- 
tion. Cores built up of varnished iron 
wire, or of thin disks of sheet-iron 
separated by varnish, asbestos paper, or 
mica, partially realize the required condi- 
tion. 

(/?.) Armature cores should be so ar- 
ranged that the direction of polarity of 
their magnetization is never abruptly re- 



♦ See note ante. 
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versed during their rotation. If this pre- 
caution is neglected, the cores will be 
heated. 

Abmatube Coils. 

{q.) All needless resistance should be 
avoided in armature coils, as hurtful to 
the efficiency of the machine. The wires 
should therefore be as short and as thick 
as is consistent with obtaining the req- 
uisite electromotive force, without re- 
quiring an undue speed of driving. 

(r.) The wire should be of the very 
best electric conductivity. The conduc- 
tivity of good copper is so nearly equal 
to that of silver (over 96 per cent.), that 
it is not worth while to use silver wires in 
the armature coils of dynamos. 

(s.) In cases where rods or strips of 
copper are used instead of mere wires, care 
must be taken to avoid Foucault currents 
by laminating such conductors, or slittiag 
them in plstaes parallel to the electromo- 
tive force, that is to say, in planes per- 
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pendicnlar to the lines o| force, and to 
the direction of the rotation.* 

(t.) In dynamos of the first class, when 
used to generate cnrrents in one direc- 
tion, since the cnrrents generated in the 
coils are doing half their motion inverse 
to those generated daring the other half 
of their motion, a commutator or a col- 
lector of some kind must be used. In 
any single coil without a commutator, the 

Fig. 15. 




alternate currents would be generated in 
successiye revolutions, if the coil were 
destitute of self-induction currents, whose 
variations may be graphicallj expressed 
by a recurring sinusoidal curve, such as 
Fig. 15. But if by the addition of a sim- 



* It will be observed that the rule for eliminating 
Foncaolt currents is different, in the tliree cases, for 
magnets and their pole-pieces, for moving iron arm- 
ature cores, and for moving conductors in the 
armature. 
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pie split-tube ffQmmutat^o r the alternate 
halves of these currents are reversed, so 
as to rectify their direction through the 
rest of the circuit, the resultant currents 
will not be continuous, but will be of one 
sign only, as shown in Fig. 16, there be- 
ing two currents generated during each 
revolution of the coil. If two coils are 
used, at right angles to each others' 

Fig. 16. 

\i!j|..;l.fyiJi!r!.^r,:h!l:lirf.r'n:i|hi!:alllVi^l:L|i|:k'!;:rl. 



planes, so that one comes into the position 
of best action, while the other is in the 
position of least action (one being nor- 
mal to the lines of force, when the other 
is parallel to them), and their actions be 
superposed, the result will be, as shown 
in Fig. 17, to give a current which is con- 
tinuous, but not steady^ having four 
slight undulations per revolution. If 
any number of separate coils are used, 
and their effects, occurring- at regular 
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intervals, be superposed, a similar curve 
will be obtained, but with summits pro- 
portionatelj more numerous and less ele- 
vated. When the number of coils used 
is very great, and the overlappings of the 
curves still more complete, the row of 
summits will form practicaUy a straight 
line, or the whole current will be practi- 
cally constant. 

Fig. 17. 




(w.) The rotating armatui*e coils ought 
therefore to be divided into a large num- 
ber of sections, each coming in regular 
succession into the position of best action. 

(v.) If these sections, or coils, are in- 
dependent of each other, each coil, or 
diametral pair of coils, must have its 
own commutator. If they are not inde- 
pendent, but are wound on in continuous 
connection all round the armature, a col- 
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lector is needed, consisting of parallel 
metallic bars as numerous as the sections 
each bar commonicating with the end of 
one section and the beginning of the next. 

(to.) In any case, the connections of 
such sections and of the commutators, or 
collectors, should be symmetrical round 
the axis ; for if not symmetrical, the in- 
duction will be unequal in the parts that 
successively occupy the same positions 
with respect to the field-magnets, giving 
rise to inequalities in the electromotive 
force, sparking at the commutator, or 
collector, and other irregularities. 

(x.) In the case where the coils are 
working in series, it is advantageous to 
arrange the commutator to cut out the 
coil that is in the position of least action, 
as the circuit is thereby reheved of the 
resistance of an idle coil. But no such 
coil should be short-circuited to cut it 
out. Tn the case where the coils are work- 
ing in parallel, cutting out an idle coil 
increases the resistance, but may be ad- 
visable to prevent heating from waste cur- 
rents traversing it from the active coils. 



(V') In the case of pole-armatures, the 
coils should be wound on the poles rather 
than on the middles of the projecting 
cores ; since the variations in the induced 
magnetism are most effective at or near 
the poles. (See § m.) 

(z.) Since it is impossible to reduce 
the resistance of the armature coils to 
zero, it is impossible to prevent heat be- 
ing developed in those coils during their 
rotation ; hence it is advisable that the 
coils should be wound with air spaces in 
some way between them, that they may 
be cooled by ventilation. 

{aa.) The insulation of the armature 
coils should be ensured with particular 
care, and should be carried out as far as 
possible with mica and asbestos, or other 
materials not Hable to be melted if the 
armature coils become heated. 

Commutators, Collectors, and Brushes. 

(ab,) Commutators and collectors be- 
ing liable to be heated through imperfect 
contact, and liable to be corroded by 
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sparking, should be made of very sub- 
stantial pieces of copper. 

(ae.) In the case of a collector made of 
parallel bars of copper, ranged upon the 
periphery of a cylinder, the separate bars 
should be capable of being removable 
singly, to admit of repairs and examina- 
tion. 

(ad.) The brushes should touch the 
commutator or the collector at the two 
points, the potentials of which are re- 
spectively the highest and the lowest of 
all the circumference. In a properly and 
symmetrically built dynamo, these points 
will be at opposite ends of a diameter. 

(ae.) In consequence of the armature 
itself, when traversed by the currents, 
acting as a magnet, the magnetic lines of 
force of the field will not run straight 
across, from pole to pole, of the field mag- 
nets, but will take, on the whole, an angular 
position, being twisted a considerable 
number of degrees in the direction of the 
rotation. Hence the diameter of com- 
mutation (which is at right-angles to the 
resultant lines of force in machines of the 
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Siemens and Gramme type, and parallel 
to the resultant lines of force in machines 
of the Bmsh type), will be shifted for- 
ward. In other words, the brashes will 
have a certain angular lead. The amount 
of this lead depends upon the relation 
between the intensity of the magnetic 
field and the strength of the current in 
the armature. This relation varies in the 
four different types of field magnets. In 
the series dynamo, where the one depends 
directly on the other, the angle of lead is 
nearly constant, whatever the external 
resistance. In other forms of dynamo, 
the lead will not be the same, because the 
variations of resistance in the external 
circuit do not produce a proportionate 
variation between the two variables which 
determine the angle of lead. 

(a/*.) Hence in all dynamos it is advis> 
able to have an adjustment, enabling the 
brushes to be rotated round the commu- 
tator or collector, to the position of the 
diameter of commutation for the time 
being. Otherwise there will be sparking 
at the brushes, and in part of the coils at 
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least tbe current will be wasting itself bj 
running against an opposing electromo- 
tive force. 

{ag.) Tbe arrangements of tbe collect- 
or, or commutator, sbould be sucb tbat, 
as tbe brusbes slip from one part to tbe 
next, no coil or section in wbicb tbere is 
an electromotiye force sbould be sbort 
circuited, otberwise work will be lost in 
beating tbat coil. For tbis reason, it is 
well so to arrange tbe pole places tbat 
tbe several sections or coils on eitber side 
of tbe neutral position sbould differ but 
very sligbtly in potential from one an- 
otber. 

(ah.) Tbe number of contact points 
between tbe brusbes and tbe collector, or 
commutator, sbould be as numerous as 
possible, for by increasing tbe number of 
contacts, tbe energy wasted in sparks 
will be diminisbed inversely as tbe square 
of tbat number. Tbe brusbes migbt, 
witb advantage, be laminated, or made of 
parallel loose strips of copper, eacb bear- 
ing edgeways on tbe collector. 



62 



Relation of Size to Efficiency. 

The efficiency of a dynamo electric ma- 
chine is the ratio of the useful electrical 
work done by the machine to the total 
mechanical work appHed in driving it. 
Every circumstance which contributes to 
wasting the energy of the current reduces 
the efficiency of the machine. In the 
preceding paragraphs it has been shown 
what the chief electric sources of waste 
are, and how they may be avoided. The 
precautions needful to obviate Foucault 
currents, to avoid reversals of magnetiza- 
tion, to get rid of needless resistance, to 
obviate opposing electro motive forces, 
have been detailed. Mechanical friction 
of the moving parts can be minimized also 
by due mechanical arrangements. But 
one thing cannot be entirely obviated, be- 
cause even the best conductors employed 
have a certain resistance. We cannot 
prevent the heating of the conducting 
coils ; and the more powerful the current 
generated by the machine, the more im- 
portant does this source of waste become. 
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There is but one way to reduce this, and 
that is by increasing the size of the ma- 
chines. For some three years or so I have 
been the advocate of large dynamo ma- 
chines, not because I have any admiration 
for mere bigness, but because, as in steam 
engines so in dynamos, the larger ma- 
chines may be made more eflScient than 
the small, in proportion to their cost. 
In discussing the relation of size to effi- 
ciency, I shall assume, for the sake of 
argument, that the size of any machine 
can be increased n times in every dimen- 
sion, and that though the dimensions are 
increased, the velocity of rotation remains 
the same, and that the intensity of the 
magnetic field, per square centimeter, 
remains also constant. If the linear di- 
mensions be n times as great in the 
larger machine as in the smaller, the area 
it stands on will be increased n^ times, 
and its volume and weight n* times. The 
cost will be less than n* times but greater 
than n times. If the same increase of 
dimensions in the coils be observed (tie 
number of layers and of turns remaining 
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the same as before), there will be in the 
armature coils a length n times as great, 
and the area of cross-section of the wire 
will be «• times as great as before. The 
resistance of these coils will, therefore, 

be but - part of the original resistance 

of the smaller machine. If the field- 
magnet coils are increased similarly they 

will offer only - of the resistance of those 

of the smaller machine. Moreover, see- 
ing that while the speed of the machine 
is the same, the area cut through by the 
rotating coils is increased n^ times, these 
coils will in the same time cut n' times as 
many lines of force, or the electromotive 
force will be increased n' times. Sup- 
posing the whole of the circuit to be 
similarly magnified, its resistance will 

also be but - of the previous value. 
n 

If the machine is a " series "-wound 
dynamo, an electromotive force, 71*, work- 
ing through — resistance will give a cur- 

71' 
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rent n* times as gi*eat as before. Such a 
corrent will, as a matter of fact, much 
more than suffice to bring the magnetic 
field to the required strength, viz., n* 
times the area of surface magnetized to 
the same average intensity per square 
centimeter, as stipulated ; for the mass 
of iron being n* times as great, it need 
not be so much saturated as before to 
give the required field. Here an econ- 
omy may be effected, therefore, by further 
reducing the number of coils, and there- 
fore the wasteful resistance of the lield- 
magnet coils, in the proportion of 7i' to 

n*, or to - of its already diminished value. 

n ^ 

Even if this were not done, by the formula 
given above for the electrical efficiency 
of a *' series " dynamo, the waste, when 
working through a constant external re- 
sistance, will be 71'iold less than with the 
smaller machine. Now, if the current be 
increased n* times, and the electromotive 
force n^ times, the total electric work 
which is the product of these will be n* 
times greater than in the small machine, 
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and it will consume n^ times as much 
power to drive it* It is clearly an im- 
portant economy, if a machine costing 

* This calculation a^rrees with the result deduced 
on entirely different principles by M. Maroel Deprez, 
M. Beprez considers the mutual reaction, dF^ be- 
tween two elements, ds and d9\ of a system of con- 
ductors which, by Amp^re^s principle, is 

dF=C^ -^ f (a) 

where C is the current, r the distance of the elements 
apart, and/ (a) a certain function of the machine, in- 
dependent of its size. Writing^ a for the area, we 

have 

,^ C^ ads . ads' . , . 

C« dv . dv' . ,. 

which, if the linear dimensions be increased n times, 
becomes 

whence, since this is true for all elements of the clr- 

cuits, - =nS which is Deprez's so-called **law of 

similars," which asserts that for similar machines 
the *• statical effort *' increase as the fourth power of 
the linear dimensions. But work W=F X distance, 
and, in the similar machine whose dimensions are in- 
creased n times, the available distance throui^h which 
the force F' can act also n times grealer. 

W 
Hence -==- =»*, as above. 
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less than n' times as much, will do n* 
times as much work (to say nothing of 
the increased ratio of efficiency). A ma- 
chine doubled in all its Hnear dimensions 
will not cost eight times as much, and 
will be electrically thirty-two times as 
powerful a machine. 

Suppose the machine to be "shunt" 
wound, then to produce the field of force 
of ^j' times as many square centimeters 
arei, will require (if the electromotive 
force be n* times as great) that the abso- 
lute strength of the current remain the 
same as before in the field-magnet coils. 
This can be done by using the same sized 
wire as before, and increasing its length 
n^ times, to allow for n times as many 
turns, of n times as great a diameter 
each, in the same number of layers of 
coils as before. In this case the work 
done in the shunt being equal to the 
product of the w'-fold electromotive force 
into the unaltered current will be only 
n^ times as great, while the whole work 
of the machine is augmented n* times. 
Now, if while augmenting the total work 
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n* times, we have increased the waste 
work not to n* times but only ti* times, 
it is clear that the ratio of waste to the 
total effect is diminished w^-fold. There 
is therefore, every reason to construct 
large machines, from the advantage of 
economy, both in relative prime cost and 
relative efficiency. 

Fig. 18. 




I 




S. p. THOMPSONS EXPERIMENTAL BALANCE. 



Being desirous of testing the correct- 
ness of the deduction that the working 
capacity of a machine of n-iold linear di- 
mensions is n* times as great, I con- 
structed a little instrument, of which a 
drawing is given in Fig. 18. In this 
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instrument there are two pairs of coils, 
that on the left being, in every way, the 
counterpart of that on the right, but of 
double linear dimensions. When all four 
coils were traversed by the same current, 
the poiut of equilibrium was ^ of the 
length of the beam from the extremity ; or 
the attraction of the larger system was six- 
teen times that of the smaller. Now, it is 
clear that the larger force can be exerted 
through double the distance, or that the 
work-power is 32-fold, and 32 is 2', as 
theory requires. After I h'ad constructed 
my apparatus, I learned that M. Marcel 
Deprez had made a very similar aiTange- 
ment, but without the beam, to prove 
that the statical forces of similar machines 
are (see foot-note ante) proportional to 
the fourth power of the linear dimensions. 
M. Deprez's instrument consisted of a 
modified Mascart's electro-dynamometer, 
having a coil suspended from a balance, 
and acted upon by two others, placed 
axially above and below it (see Fig. 19). 
The force was measured by directly bal- 
ancing it against weights. Two such 
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arrangements were made, one double the 
size of the other, and when equal currents 

Fig. 19. 




MARCEL DEPREZ 8 ELEGTRO-DTNAMIO 
BALANCE. 



were sent through them, M. Deprez 
found the forces to be as 5.600 to 0.855 
kilos., or almost exactly 16 to 1. 
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Methods of Exciting the Field Mag- 
netism. 

It only remains to develop certain theo- 
retical considerations respecting the 
method of exciting the magnetism of the 
field in which the armatures are to re- 
volve. The four main methods have al- 
ready been alluded to at the outset of 
this lecture ; but nothing has been said 
about the advantages or disadvantages of 
the four systems. 

Magneto-Dynamoa, — The magneto dy- 
namos (Fig. 4.) have the advantage, in 
theory at least, that their electromotive 
force is very nearly exactly proportional 
to the velocity of rotation; though, of 
course, the variable difference of potential 
between the terminals of the circuit will 
depend on the relation of the resistance 
of the external circuit to the internal re- 
sistance of the armature coils. They 
possess the disadvantage that, since steel 
cannot be permanently magnetized to the 
same degree as that which soft iron can 
temporarily attain, they are not so pow- 
erful as other dynamos of equal size. 
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Separately-Excitfd Di/namos. — The 
separately excited dynamo (Fig. 3,) has 
tlie same advantage as tlie magneto-ma- 
cliiiie, in its electromotive force being 
independent of accidental changes of re- 
sistance in the working circuit, but it is 
more powerful. It has, moreover, the 
further advantage that the strength of 
the field is under control, for by vary- 
ing either the electromotive force or the 
resistance in the exciting circnit, the 
strength of the magnetic field is varied 
at will. It has the disadvantage of re- 
quiring a separate exciting machine. 

Seriex Di/naiiios. — The ordinary, or 
series dynamo (Fig. 1), is usually a 
cheaper machine, for eqiul power, than 
any of the other forms, as its coils are 
simpler to make than those of a shunt ma- 
chine, aud it wants no auxiliary exciter. 
It has the disadvantage of not starting 
action until a certain speed lias been at- 
tained, or unless the resistance of the 
circuit is below a certain minimum. It ia 
also liable to become reversed in polarity, 
s disadvantage when this machine 
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is applied for electro-plating or for charg- 
ing accumulators.* 

From its arrangement, it is clear that 
any incjease of the resistance in the cir- 
cuit lessens its power by diminishing the 
strength of its magnetic field. Hence it 
is better adapted for use with lamps ar- 
ranged in parallel arc than for lamps ar- 
ranged in series. An additional lamp 
switched in, in series, adds to the resist- 
ance of the circuit, and diminishes the 
power of the machine to supply current, 
while on the other hand, an additional 
lamp in parallel reduces the total resist- 
ance offered by the network of the circuit, 
and adds to the power of the machine to 
provide the needed current. It is easy to 
regulate the currents given by a series 
dynamo, by introducing a shunt of varia- 
ble resistance across the field-magnet, thus 



[* This diflaculty is avoided in practice by making a 
portion of the field magnet of hardened steel, or by 
means of an automatic shunting device for cutting 
off the current due to the opposing electro-motive 
force of the electrolytic cell. See patents of H. J. 
Smith, No. 178,682, Feb. 16, 1876 ; and E. Weston, No. 
182,977, Oct. 3, 1877; reissue 8102, Feb. 25, 1878.~P.] 
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altering the magnetizing influence of the 
current. 

Shunt Dynamos, — The shunt dynamo 
(Fig. 2,) has several advantages over other 
forms. It is less liable to reverse its 
polarity than the series dynamo, and it 
is commonly considered as providing the 
magnetizing power to the magnets v^ith 
less waste of current. Moreover, for a 
set of lamps in series, its power to supply 
the needful current increases with the de- 
mands of the circuit, since any added 
resistance sends additional current round 
the shunt in which the fleld-magnets are 
placed, and so makes the magnetic fleld 
more intense. On the other hand, there 
is a greater sensitiveness to inequalities of 
driving in consequence of the great self- 
induction in the shimt. As previously 
pointed out, when there are sudden 
changes in the electromotive force acting 
in a complex circuit, the momentary cur- 
rents thus set up do not distribute them- 
selves in the various parts of the circuit 
in the simple inverse ratio of the resist- 
ances, for their distribution depends also, 
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and in some cases chiefly, upon the self- 
indnction in the various parts. It is more 
difficult to set up a sudden current in a 
circuit whose self-induction is great (or 
which, for example, consists of many 
turns wound closely together, so that they 
exercise great inductive action on each 
other, especially if they be wound about 
an iron core), than in. one in which the 
self-induction is small. We cannot here 
follow further the mathematical law of 
the action of self-induction on momen- 
tary changes of electromotive force. But 
the application to the shunt -wound 
dynamo is too important to be passed 
over. 

Any of these systems may be applied 
either in direct cmTent or in alternate- 
current machines. Each of these four 
systems of exciting the field magnetism 
has its own merits for special cases, but 
neither of them is perfect. Not one of 
these methods will insure that, with a 
uniform speed of driving, either the elec- 
tromotive force or the current shall be 
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constant, however the resistances of the 
circuit are altered. 

But, though theory tells us that neither of 
these systems is perfect, theory does not 
leave us without a guide. Thanks to the 
genius of M. Marcel Deprez, we have been 
taught how to combine these methods so 
as to secure in practice a machine which 
shall, when driven at a constant speed, 
give either a constant electromotive force 
or a constant resistance. A consideration 
of the various methods of combining the 
four systems of exciting the field-magnet- 
ism is reserved for the lecture on the dy- 
namo in practice. 

Meantime, it may eafely be said that 
there is no such thing yet as a best 
dynamo. As with the different kinds of 
volta-ic batteries, some of which are used 
for telegraph work, others for electric 
bells, and others for blasting, so is it also 
with dynamos. One fonn is best for one 
purpose and another for another. One 
gives steadier currents, another is less 
liable to heat, a third is more compact, a 
fourth is cheaper, a fifth is less likely to 
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reverse its currents, a sixth gives a greater 
volume of current, while a seventh evokes 
a higher electromotive force. Indeed, in 
the present transitional state of our knowl- 
edge with respect to dynamo-electric 
machinery, it is safe to assert that, for a 
long time to come, there will be no finali 
ty attained to. As with the steam-engine, 
however, so with the dynamo-machine, 
there will probably be a constant and 
progressive evolution, finally settling 
down upon two or three typical forms, 
which will survive the innumerable com- 
paratively crude machines which have 
taken shape and come into active service. 



Dynamo-Electric Machinery. 

n. 



The Dynamo in Practice. 

It was pointed out, at the conclusion 
of the former lecture, that neither of the 
four fundamental methods of exciting the 
field-magnetism of a dynamo was perfect 
in theory, since neither could enable a 
machine either to generate a constant cur- 
rent, or to maintain a constant electro- 
motive force, whatever the resistance of 
the external circuit for the time being. 
Now, as the first function of a dynamo 
in practice is to feed with sufficiency and 
regularity a system of lamps, and as 
those lamps are always* in practice ar- 



* I am aware that occasionally inoande scent lamps 
have been arranged with two or three lamps, in 
series, in each parallel, or on a multiple series plan. 
I am not aware of any such arrang^ement having been 
satisfactory. [The multiple series system has been 
adopted by Edison, in his village lighting plant, re- 
cently erected at Roselle, N . J., in which three lamps 
are placed in each parallel. The arrangement is said 
*o operate successfully.— F. L. P.] 
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ranged either in series or in parallel, it is 
clear that in the former case a constant 
current, and in the latter a constant 
electromotive force is required. 

Combination Methods. 

The discovery of the method of ren- 
dering a dynamo machine automatically 
self-adjusting, so that either its electro- 
motive force (according to circumstances) 
shall be constant, is due to M. Marcel 
Deprez, and is a result of the considera- 
tions arising from the study of the dia- 
grams of the characteristic curves of 
dynamos.* M. Deprez has, in fact, 
shown mathematically that if a dynamo 
be wound with a double set of coils, one 
of which can be traversed bv an inde- 
pendent current, whilst the other set is 
traversed by the current of the machine 
itself, there can always be found a cer- 
tain critical velocity of driving, for which, 
provided the field-magnets are far re- 
moved from their saturation point, the 

* See La Lumiere Electrique, December 3, 1881. 
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desired condition is fulfilled. Other 
combination methods have been suggest- 
ed by Professor Perry and others ; and, 
as the whole matter promises to be of 
utmost importance in the future practice 
of constructing dynamos, a summary of 
the principal methods may • be worth 
tabulating. 

(1.) Series and Separate {for. Constant 
E. M, F.\ J96/)r6z.— This method, illus- 
trated in Fig. 20, can be applied to any 
ordinary dynamo, provided the coils are 
such that a separate current from an in- 
dependent source can be passed through 
a part of them, so that there shall be an 
initial magnetic field, independent of the 
main circuit current of the dynamo. 
When the machine is running, the elec- 
tromotive force producing the current 
will depend partly on this independent 
excitement, partly on the current's own 
excitement of the field magnets. If the 
machine be run at such a speed that the 
quotient of the part of the electromotive 
force due to the self-excitement, divided 
by the sti-ength of the current, isnumeri- 
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OOItBlNATIOtl OF BEBIES ANS SBFAB&TE. 

cally equal to the mteraal resistance of 
the machinery, then the electromotive 
forc« in the circuit will be constant, how- 
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ever the external resistances are varied. 
M. Deprez has further shown that this 
velocity can be deduced from experiment, 
and that, when the critical velocity has 
once been determined, the machine can 
be adjusted to work at any desired elec- 
tromotive force, by varying the strength 
of the separately exciting current to the 
desired degree. 

(2.) Shunt and Separate (for Constant 
Current), Deprez, — ^When cases arise, as 
for a set of arc lamps in series, in which 
it is desired to maintain the current in 
the circuit at one constant strength, the 
previous arrangement must be modified,as 
indicated in Fig. 21, by combining a shunt 
winding with coils for a separately excit- 
ing current. This arrangement is, in 
fact, that of a shunt-dynamo, with an 
initial magnetic field independent of the 
strength of the current in the circuit. 

Seeing that the only object in provid- 
ing the coils for separate excitement is to 
secure an initial and independent magnetic 
field, it is clear that other means may be 
employed to bring about a similar result. 
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(3) Series and Magnet'} {C'o/istaiU 
E. M. i^), J'errj/. — The initial electro- 
motive force in the circuit, required by 
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Deprez's theory, need not necessarily 
consist in there being an initial magnetic 
field of independent origin." It is true 
that the addition of a permanent magnet 
to give an initial partial magnetization to 
the pole-pieces of the field magnets, 
would meet the case to a certain extent ; 
but Professor Perry has adopted the 
more general solution of introducing in- 
to the circuit of a series-dynamo a 
separate magneto machine, also driven at 
a uniform speed, such that it produces in 
the circuit a constant electromotive force 
equal to that which it is desired should 
exist between the leading and return 
mains.* 

* Professor Perry gives, in bis specification, the 
following numerical illustration, to which the only 
exception that can be taken is, that with so high a 
resistance as that of three ohms in the machine the 
system must be very uneconomical. "As an ex- 
ample, if there is only' one dynamo maOltine, and if 
the resistance of the main cable, return cable and 
machines, in fact, of that part of the total circuit 
which is supposed to be constant, be, let us sup- 
pose, three ohms, then we find that the djrnamo 
machine ought to be run at such a speed that the 
electromotive force. In volts, produced in its moving 
parts is three times the current in amperes, which 
^ows through the field-magnets, consequently this 
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This arraDgement, which is depicted in 
Fig. 22, may be varied by using a shnnt- 
wotind dynamo, the magnets being, as 
before, included in the part of the circuit 



speed can readily be foand by experiment. Suppose 
this constant electromotive force of the nuMO^eto 
machine to be 50 volts ; Its resistance 8 ohms, and 
the resistance of the dynamo machine and of the 
other unchanf^ng parts of the circuit 2.7 ohms ; and 
suppose that the speed Is that at which the electro- 
motive force produced by the rotating armature of the 
dynamo Is three times the current. Now let there be 
a consumer's resistance of 2 ohms, the total resist- 
ance Is 5 ohms. Evidently the electromotive force 
produced in the dynamo Is 75 volts (for call this elec- 
tromotive force X, then the current will be 

jp-4-50 X 
x-^S whence it follows that -' - = -^ 

o 

or 8aj + 160=&r, or ar = 75) and the total electromotive 
force in the circuit is, therefore, 125 volts, and, as the 
total resistance is 5 ohms, the current is 25 ampdres, 
giving an electromotive force of 50 volts between the 
ends of the consumers* part of the circuit. Now, if 
the consumers* resistance Increases to, say 12 ohms, 
by some of the consumers ceasing to use their cir- 
cuits, there is an Instantaneous alteration of the elec- 
tromotive force produced in the dynamo to 12^ volts, 
or 62^ volts in the whole circuit, and 62^ divided by 
15 gives 4} amperes ; and this means 4^ multiplied by 
12 or fiO volts as before, between the ends of the con- 
sumers* part of the circuit. Here, again, the calcu- 
ation is : 

•^i^ f- whence 3a;-fl50=15ar, or 12^=ar. (S.P.T.) 

10 o _ 



outside the macliinee. The combination 
of a permoaent magnet with electrd- 
magnets in one and the same machine, is 
much older than the suggestions of 
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either Deprez or Perry, having been de- 
scribed by Hjcirth in 1854. 

(4.) Shunt and Magneto {Cojtstant 
Current)^ Ptrry, — ^Perry's arrangement 
for constant current is given in diagram 
in Fig. 23, and consists in combining a 
shnnt -dynamo with a magneto machine 
of independent electromotive force, this 
magneto machine being inserted either in 
armature part or in the magneto-shunt 
coils of the machine. As before, a certain 
critical speed must be found from ex- 
periment and calculation. 

(6.) Series and Shu7ii. — A dynamo 
having its coils wound, as in Fig. 24, 
so that the £eld-magnets are excited 
partly by the main current, and partly by 
a current shunted across the brushes 
of the machine, is no novelty, having been 
used in Brush dynamos* for some years 

• The shunt part of the circuit, originally called the 
" teazer," was adopted at first in machines for electro- 
plating, with the view of preventing a reversal of the 
current by an inversion of the magnetization of the 
field-magnets, but has been retained in some other 
patterns of machhue on account of its usefulness in 
'• steadying " the current. I am informed that Messrs. 
Siemens and HalsJce have also used this combination 
for some time past. 



8HDNT AND MAGNITO. 

past. The arratigemeiit is not as perfect 
as either of the preceding, being more 
limited in operation. If the shunt coils 



SEBIBB AKD SHUNT. 



be comparatively few, and of high resist- 
ance, 80 that their magnet:! zing power ia 
BmaU, the machine will give approximately 
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a uniform electromotive force ; whereas, 
if the shunt be relatively a powerful 
magnetizer, as compared with the few 
coils of the main circuit, the machine will 
be better adapted for giving a constant 
current ; but, as before, each- case will 
correspond to a certain critical speed, 
depending on the arrangements of the 
machine. 

(6.) Series and Zone/ Shunt — I propose 
to give this name to a combination closely 
resembling the preceding, which has not 
yet, so far as I am aware, been actually 
tried. If, as in Fig. 25, the magnets are 
excited partly in series, but also partly 
by coils of finer wire, connected as a 
shunt across the whole external circuit, 
then the combination should be more 
applicable than the preceding to the case 
of a constant electromotive force, since 
any variation id the resistance of the 
external circuit will produce a greater 
eflPect in the ** long shunt " than would 
be produced if the resistance of the field- 
magnets were included in the part of the 
main circuit external to the shunt. 
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Although the last two combinations 
are not such perfect aolutione of the 
problem ae those which precede, they are 
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more likely, in my opiDion, to find an 
immediate application,* since they can be 
put into practice upon any < ordinary 
machine, and do not require, as in the 
first four combinations, the use of 
separate exciters, or of independent 
magneto- machines. 

All these arrangements presuppose a 
constant velocity of driving ; but they 
are not the only ones consistent with this 
condition. An ordinary series-dynamo 
may be made to yield a constant current, 
by introducing across the field-magnets 
a shunt of variable resistance, the resistance 
of the shunt being adjusted automatically 
by an electro-magnet, whose coils form 
part of the circuit. This is actually done 
in the automatic regulator attached to 
Brush dynamos, as used in supplying a 
series of arc lights. A shunt-dynamo 
may similarly be controlled, so as to yield 

* since the above was written, an account of a 
similar combination to the 5th mentioned above has 
appeared in the pa^es of the Electrician, under the 
name of Crompton's Ck>mFound Dynamo. Mr. B. M. 
Rosanquet, of St. John's College, Oxford, has also sug- 
gested a similar arrangement for charging accumula- 
tors with a constant electromotive force. 
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a uniform electromotive force, by in- 
troducing a variable resistance into the 
shunt-magnet circuit, as is done in some 
of Edison's dynamos. To make the ar- 
rangement perfect, this variable resistance 
should be automatically adjusted by an 
electro-magnet whose coils are an in- 
dependent shunt across the mains of the 
external circuit. 

Yet another way of accomplishing the 
regulation of dynamos is possible in 
practice, and this without the condition 
of a constant speed of driving. Let the 
ordinary centrifugal governor of the 
steam-engine be abandoned, and let the 
supply of steam be regulated, not by the 
condition of the velocity of driving, but 
by means of an electric governor, such 
as an electro-magnet working against an 
opposing spring. If this electro-mag- 
inetic governor is to maintain a constant 
electromotive force, its coils must be a 
shunt to the mains of the circuit. If it 
is to maintain a constant current, its 
coils must be part of the main circuit. 
Such a governor ought to be more relia- 
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ble and rapid than any centrifugal gov- 
ernor intended to secure a uniform speed 
of driving. 

Organs of Dynamos. 

I now propose to return to some of 
the rules and suggestions which we ar- 
rived at a week ago, in considering the 
dynamo in theory, and see how they are 
borne out in the dynamo as constructed 
in practice. I shall try to illustrate the 
various points that come under review, 
as far as possible, from the more recent 
types of dynamos. 

Field-Magnets. 

In the classification of dynamos laid 
down in my first lecture, we found that 
those of the first class required a single 
approximately uniform field of force, 
whilst those of the second class required 
a complex field of force differing in in- 
tensity and sign at different parts. Ac- 
cordingly, we find a corresponding gen- 
eral demarcation between the field-mag- 



95 



nets in the two classes of machine. In the 
first, we have usually two pole-pieces on 
opposite sides of a rotating armature. In 
the second, a couple of series of poles 
set alternately round a circumference or 
crown, the coils which rotate being set 
upon a frame between two such crowns 
of poles. 

Confining ourselves, at first, to the 
first-class of machines, we find that, ip 
practice, their magnets differ widely in 
construction and design. In very few 
of the existing patterns is there much 
trouble taken to secure steady magnets, 
by making them long, heavy and solid, 
or with very heavy pole-pieces. I have 
repeatedly, in testing dynamos, had to 
report that an unnecessary amount of 
wire had been wound upon the field- 
magnets ; and I find that the usual re- 
ply is that with less wire the machine 
does not work so well. If, however, it is 
found necessary to wind so many coils 
upon the magnets as to bring them 
practically to saturation long before the 
machine is doing its maximum work, it 
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is clear that either the iron is insufl&cient 
in quantity, or it is deficient in quality. 
In the Burgin machines, where cast-iron 
field-magnets are employed, the smaller 
magnetic susceptibility of this metal is 
made up for by employing a great weight 
of it. In Siemens's smaller dynamos, 
the amount of iron employed in the field- 
magnets would be quite insuflBcient if it 
were not of high quality. As it is, I am 
o*f opinion, the mass of it (especially in the 
polar parts) might, with advantage, be in- 
creased. In some of the early machines 
of Wilde, and in Edison's well-known 
dynamos, long fi^ld-magnets, with heavy 
pole-pieces, are found. Edison's dyna- 
mos, indeed, are all remarkable in this 
feature ; the pole-pieces and the yoke 
connecting the iron cores of the coils 
are made abnormally heavy. This is 
not more noticeable in the giant dynamos, 
used at the Holbom viaduct (see Fig. 
30), than in the smaller machines used 
in isolated installations for sixty and for 
fifteen lights. 

The principle of shaping the magnets 
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so that their external form approximates 
to that of the magnetic curves of the 
lines of force, is to some extent car- 
ried out in such widely differing types 
of machine as the Gramme with " Jamin" 
magnet, the Jiirgensen dynamo, and 
Thomson's *' mousemill '' dynamo. The 
two machines last named exhibit several 
curious contrasts. In the Jiirgensen, the 
field-magnets have heavy pole-pieces ; 
in the Thomson there are none ; and in 
the Thomson machine the iron core is 
thicker at the middle than at the ends. 
In both there are auxiliary internal 
electro magnets fixed within the rotat- 
ing armature, to concentrate and aug- 
ment the intensity of the field, accord- 
ing to the device patented by Lord 
Elphinstone and Mr. Vincent. In the 
Thomson machine the coils are heaped 
on more thickly at the middle of the 
field-magnets; in the Jiirgensen, the 
coils are crowded up around the poles. 
The latter arrangement I condemned 
from the point of view of theory last 
week. If we may judge from a report 
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on this machine by Professors Ayrfcon 
and Perry,* the arrangement is not satis- 
factory in practice, as there are more 
coils than suffice to magnetize the mag- 
nets. Is it possible that the mistake is 
not in having too many coils, but in hav- 
ing them in the wrong place ? 

Another suggestion, which was indi- 
cated from theoretical considerations, 
was that of laminating the pole pieces, 
so as to prevent the production in them 
of wasteful Foucault currents. Here I 
find that but one machine has been de- 
signed in which this precaution is car- 
ried into eflfect. This is the disk- dynamo 
of Drs. Hopkinson and Muirhead, the 
field-magnets of which are made up of 
laminae of iron, cast into a soHd iron 
backing, t 

Another matter in which, up to the 
present time at least, there is nothing 
but empirical practice to guide us, is the 
form to be given to pole-pieces, in order 

* See Electrical Seview, Sept. 23, 1882. 

[t This is also done in the Weston machines made 
by the U. S. Electric Lighting Co., at Newark, N. J. 
See Weston's patent, No. 211,811, Jan. 14, 1880.] 
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to produce the best effect. In fact, we 
haye such singular divergence in prac- 
tice, as to suggest the thought that little 
importance has been attached to the 
matter. Tet upon the form and extent 
given to the pole-pieces, depend consid- 
erations of no less importance than the 
reduction of idle wire in the armature, 
the reduction of sparking at the com- 
mutator, and the avoidance of counter- 
electromotive forces in the*ftMMiture. If 
the pole-pieces are badly shaped for theii* 
work, or approach one another too far 
round the armature, they may complete- 
ly perturb the approximate uniformity 
of the field, and may cause the central 
portion oOhe field to be of much weaker 
intensity than the two lateral regions be- 
tween the edges of the pole-pieces. 
When this is the case, the rotating coils 
are virtually moving in a double field, 
aad it is even possible that, in conse- 
quence, the direction of the currents in- 
daeed in the individual coils may be re- 
versed four or six times as they make 
one rotation. In such a case the distri- 
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bution of potential round the separate 
bars of the commutator will be abnormal, 
as we shall see later on. 

Armatures. 

The armatures of dynamos of the first 
class may be roughly classified in three 
groups, according to the manner of ar- 
ranging the coils. These three groups 
are — 

(1.) Ring armatures^ in which the 
coils are grouped upon a ring, whose 
principal axis of symmetry is its axis of 
rotation also. 

(2.) Drum armatures^ in which the 
coils are wound longitudinally over the 
surface of a drum or cylinder. 

(3.) Pole armatures^ having coils 
wound on separate poles, projecting radi- 
ally all round the periphery of a disc or 
central hub. 

(To these we shall add a fourth form, 
namely, that of Dhk armatures^ when 
we deal with dynamos of the second 
class.) 
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The object of all these combinations is 
to obtain the practical continuity of cur- 
rent spoken of in section t of the first 
lecture. Some of the individual coils 
should be moving through the position 
of maximum action, whilst others are 
passing the neutral point, and are tem- 
porarily idle. Hence, a symmetrical ai'- 
rangement around an axis is needed. 
Ring-annatures are adopted in practice 
in the dynamos of Pacinotti, Gramme, 
Schiickert, Giilcher, Fein, Heinrichs, De 
Meritens, Brush, Jiirgensen, and others. 
Drum armatures are found in the Sie- 
mens (Alteneck), Weston, Edison, Elphin- 
stone- Vincent, Laing, and other machines, 
Pole -armatures are used in the dynamos 
of Allen and of L on tin. There are sev- 
eral inteimediate forms. The Biirgin 
armature consists of eight or ten rings, 
side by side, so as to form a drum. The 
Lontin (continuous-current dynamo) has 
the radial poles affixed upon the surface 
of a cylinder. The Maxim armatm-e is 
a hollow drum wound like a Gramme 
ring, and has, therefore, a great quantity 
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of idle wire on the inner surface of the 
drum. The Weston armature has the 
drum surface cut up into longitudinal 
poles ; there is a similar armature by 
Jablocbkoff, in which the .poles are ob- 
lique. 

King armatures are found in many ma- 
chines, but the ingenuity of inventors 
has been exercised chiefly in three direc- 
tions ; the securing of practical continu- 
ity ; the avoidance of Foucault currents 
in the cores, and the reduction of use- 
less resistance. In the greater part of 
these machines, the coils that form the 
sections of the ring are connected in 
series, the end of one to the beginning 
of the next, so that there is a continuous 
circuit all round, an attachment being 
made between^each pair to a bar or seg- 
ment of the collector. Most inventors 
have been content to secure approximate 
continuity by making the number of sec- 
tions numerous. One inventor, Pro- 
fessor Perry has built up a ring with 
coils wound obliquely, so that the one 
coil reaches the neutral point before the 
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preceding one has passed it. I cannot 
help doubting the advantage of this ar- 
rangement ; which, moreover, presents 
mechanical difficulties in construction. 
Pacinotti's early dynamo had the coils 
wound between projecting teeth upon an 
iron ring. Gramme rejected these cogs, 
preferring that the coils should be wound 
round the entire surface of the endless 
core. To prevent wasteful currents in 
the cores, Gramme employed for that 
portion a coil of varnished iron wire of 
many turns. In Giilcher's latest dynamo, 
the ring- core is made up of thin flat 
rings cut out of sheet iron, furnished 
with projecting cogs, and laid upon one 
another.* The parts of the coils which 
pass through the mterior of the ring 
(in spite of the late M. Antoine 
Breguet's ingenious proof that some 
of the lines of force of the field bent 
round and turned back into the 
core in this interior region) are com- 

[* Tbis is an excellent construction, which appears 
to have been first devised by Edward Weston. See his 
patent. No. 200,532, Oct. 29, 1878] 
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paratively idle. They cut very few lines 
of force as they rotate, and therefore 
offer a wasteful resistance. Inventors 
have essayed to reduce this source of loss, 
by either fitting projecting flanges to the 
pole-pieces (as in Fein's dynamo) or by 
using internal magnets (as in Jiirgensen's 
dynamo), or else by flattening the ring 
into a disk form, so as to reduce the in- 
terior parts of the ring coils into an in- 
significant amount This is done in the 
dynamos of Schiickert and of Giilcber.* 
In Fig. 26 is given the latest form of 
Giilcher's dynamo. The field-magnets, 
front and back of the ring, are united on 
the right and left sides in a pair of hol- 
low pole-pieces, which form cases over 
the ring, covering a considerable pai*t of 
it. The collector is identical with that of 
Gramme, but very substantial. 

The drum armatures may all be regard- 
ed as modifications of Siemens's well- 
known longitudinal shuttle-form arma- 
ture of 1856, the multiplicity of sections 

[* A similar organization is found in the Hoch- 
bausen dynamo.] 
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of the coils affording practical continuity 
in the currents. In some of Siemena's 
machines the cores are of wood, overspun 
with iron wire eircnmferenlially, before 
receiving the longitudinal windings. In 
another of their machines there is a 

Fig. 36 



gulchek'b dynamo (new pattern). 

stationary iron core, outside which the 
hollow drum revolves ; in other machines 
again, there is no iron in the armature 
beyond the driving-spiudle. In all of the 
Siemens armatiires the individaal coils 
occupy a diametral position with respect 
to the cyhndrical core, but the mode of 
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conaecting up the separate diametral sec- 
tions is not the same in all. In the older 
of the Alteneck- Siemens windings the 
ire not connected together 
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ALTENECK-BIBMENS WINDING (0U>). 



symmetrically, the connections (for an 
eight-part collector) being as in Fig. 27. 
But in the more recent machines a sym- 
metrical plan has been adhered to, as 
shown in Fig. 28. 
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In this system, as in the Gramme ring, 
the successive sections of coils ranged 
round the armature are connected to- 
gether continuously, the end of one sec> 

Fig.28 
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tion and the beginning of the next 
being both united to one segment or bar 
of the collector. A symmetrical arrange- 
ment is, of course, preferable, not only 
for ease of construction, but because it is 
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important that there should never be any 
great difference of potential between one 
segment of the collector and its next 
neighbor; otherwise there will be in- 
creased liability to spark, and to form arcs 
across the interyening gap. In Edison^s 
modification of the drum -armature, the 
winding, though symmetrical in one 
sense, is singular, inasmuch as the num- 
ber of sections is an odd number. In 
the first machines there were seven paths 
as shown in Fig. 29, taken from Edison's 
Patent Specification. In his latest giant 
machines, the number of sections is 
forty-nine. One consequence of this 
peculiarity of structure is that, if the 
brushes are set diametrically opposite to 
one another, they will not pass at the 
same instant from section to section of 
the collector ; one of them will be short 
circuiting one of the sections, whilst the 
other is at the middle of the opposite 
collector. The armature of these latest of 
Edison's dynamos (Fig. 30, frontispiece) is 
not wound up with wire, but, like some 
of Siemens's electro-plating dynamos, is 
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constructed of soKd bars of copper, 
arranged round the periphery of a drum. 
The ends are connected across by washers 
or disks of copper, insulated from each 

Fig.29 




EDISON 8 WINDING. 



other, and having projecting lugs, to 
which the copper bars are attached. 
Such disks present much less resistance 
than mere strips would do The con- 
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nections are in the following order: 
Each of the forty-nine bars of the collect- 
or is connected to one of the forty-nine 
disks at the anterior end of the druno, 
which is connected, by a lug-piece on one 
side, to one of the ninety-eight copper 
bars. The current generated in this bar 
runs to the further end of the machine, 
enters a disk at that end, crosses the 
disk, and returns along a bar diametri- 
cally opposite that along which it started. 
The anterior end of this bar is attached 
to a lug-piece of the next disk to that 
from which we began to trace the connec- 
tions, it crosses this disk to the bar next but 
one to that first considered, and so round 
again. The two lug-pieces of the indi- 
vidual disks at the anterior end are, 
therefore, not exactly opposite each other 
diametrically, as the connections advance 
through -^ of the circumference at each 
of the 49 paths. It will be noticed in 
Fig. 30 that the collector is very sub- 
stantially built, and that a screen is fixed 
between the collector and the rest of the 
armature, to prevent any copper-dust 
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from flying back or clogging the inBula- 
tion between the bars or disks. There 
are no fewer than five pairs of brushes, 
the tendency to sparking being thereby 
greatly reduced. The figure does not 
show the structure of the armature it- 
self, nor indicate the means taken to sup- 
press Foucault currents. The core of 
the armature is made of very thin disks 
of iron,* separated, by mica or asbestos 
paper, from each other, and clamped 
together. Some exception may be taken 
to the use of such stout copper bars, as 
being more likely to heat from local cur- 
rents than would be the case if bundles 
of straps, or laminae of copper were sub- 
stituted. And, indeed, the presence of 
the 4-horse power fan to cool the arma- 
ture, is suggestive that continuous run- 
ning is liable to heat the armature. 
Jj^Before passing on from the subject of 
armatures, it is worth while to mention 
the peculiarity of form of the Biirgin 
armature, which has already been spoken 

* Disks of thin iron for a similar purpose are found 
in the dynamos of Jablochkoff, Weston, and Qfil- 
cher. 
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of as consisting of eight, or in the newest 
Biirgin machines, as constructed by Mr. 
R. E. Crompton, of ten rings, set side by 
side.'*' Each ring is made of a hexagonal 
coil of iron wire, mounted upon light 
metal spokes, which meet the comers of 
the hexagon. Over this hexagonal frame 
six coils of covered copper wire are wound, 
being thickest at the six points inter- 
mediate between the spokes, thus making 
up the form of each ring to nearly a cir- 
cle. Each of the six coils is separated 
from its neighbor, and each of the ten 
rings is fixed to the axis ^ of the cir- 
cumference in advance of its neighbor, so 
that the 60 separate coils are, in fact, 
arranged equidistantly (and symmetri- 
cally, as viewed from the end) around the 
axis. There is a 60 part collector, each 
bar of which is connected to the end of 
one coil and to the beginning of the coil 
that is one-sixtieth in advance ; that is, 
to the correspondirg coil of the next ring. 
This armature has the great practical ad- 

* The Biirgin armature exhibited, was Idndly lent 
by Messrs. R. E. Orompton & Co. 
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Tantagefi of being easy in conBtruction, 
light, and with plenty of ventilation. 

In the Elphinstone-Vincent dynamo 
there is a drum-annatnre of a somewhat 
distinct order, the separskte coils being 
made of a rectangular form, and then 
laid upon the sides 'of a hollow papier- 
mache drum in an overlapping manner, 
and curved to fit it. The field is a complex 
one, with six external and six internal 
poles, and is very intense, owing to the 
proximity of these poles. The parallel- 
ogram-shaped coils are connected together 
BO as to work as three machines, and feed 
three pairs of brushes ; which may again 
be united, either in series or in parallel, 
or may be used to feed three separate 

circuits. 

o 

COLLEGTOBS. 

In section ab of the first lecture, the 
main points to be observed in the con- 
struction of collectors are enumerated. 
Collectors of substantially such type as 
there described are common to all 
dynamos of the first class, except only 
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the Brush dynamo, in which there is a 
multiple commutator, instead of a col- 
lector. The collector of Pacinotti's 
early machine differed only in having the 
separate bars alternately a little displaced 
longitudinally along the cylinder, but 
still so that the same brush could slip 
from bar to bar. Niaudet's modification, 
in which the bars are radially attached to 
a disk, is a mere variety in detail, and is 
not justified by successful adoption. In 
the collector, as used in Weston's dynamo, 
and in some forms of Schuckert's dynamo, 
the bars are oblique or curved, without, 
howevei, any other eflfecfc than that 
of prolonging the moment during which 
the brush, while shpping from contact 
with one bar to contact with the next, 
short-circuits one section of the coil. 

In a well-arranged dynamo of the first 
class, the sections of the collector are 
traversed by currents which run from 
the negative brush in two directions 
round the successive coils, and meet at 
that bar of the collector which touches 
the positive brush. Each section of the 
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coil thus traversed adds its own electro- 
niotiTe force to the current passing 
through it. Consequently, if one measures 
the difference of potential between the neg- 
ative brush and the successive bars of the 
collector, one finds that the potential in- 
creases regularly all the way round the col- 
lecting cylinder, in both directions, be- 
coming a maximum at the opposite side 
where the positive brush is. This can 
be verified by connecting one terminal 
of a voltmeter to the negative brush, and 
touching the rotating collector at different 
points* of its circumference with a small 
metallic brush or spring attached by a 
wire to the other terminal of the voltmeter. 
If the indications thus obtained are 
plotted out round a circle corresponding 
to the circumference of the collector, the 
values give a curve like that shown in 
Fig. 31, which is plotted out from ob 
servations taken upon a Gramme 
dynamo.* 

* This diagram was plotted for me, and the measure- 
ments made at my request, hy Mr. W. M. Mordey, who 
first drew my attention to some of the abnormal 
phenomena mentioned later. 
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It can be seen that, taking the negative 
brush as the lowest point of the circle, 
the potential rises perfectly regularly to 
a maximum at the positive brush. The 
same values are also plotted out as or- 




DIAORAM OF POTENTIAL BOUND THE 
COLLECTOR OF GRAMME DYNAMO. 



dinates upon a horizontal hne in Fig. 32. 
This form of diagram shows very clearly 
that the rise of potential is not equal 
between each pair of bars, otherwise the 
curve would consist merely of two oblique 
straight lines, sloping right and left from 
the central point. On the contrary, there 
is very little difference of potential between 
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the collector bars close to the + brush 
on its right and left respectively. The 
greatest difference of potential occurs 
-where the curve is steepest, at a position* 
nearly 90° from the brushes, in fact, at 
that part of tBe circumference of the col- 
lector which is in connection with the 
coils that are passing through the position 

• 

Fig.32 
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HORIZONTAL DIAGRAM OF POTENTIALS AT 
COLLECTOR OF GRAMME DYNAMO. 



of best action. Were the field perfectly 
uniform, the number of lines of force 
that pass through a coil ought to be pro- 
portional to the sine of the angle which 
the plane of that coil makes with the 
resultant direction of the lines of force 
in the field, and the rate of cutting the 
lines of force should be proportional to 
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the cosine of this angle. Now the cosine 
is a niaYimiim when this angle = W* ; 
hence, when the coil is parallel to the 
Hnes of force, or at 90° from the brushes, 
the increase of potential shonld be at its 
greatest — as very nearly rd^ized in the 
diagram of Fig. 32, whiclL, indeed* is 
very nearly a true " sinusoidal " curve. 
Such curves, plotted out from measure- 
ments of the distribution of potential at 
the collector, show not only where to 
place the brushes to get the best effect, 
but enable us to judge of the relative 
" idleness " or ** activity " of coils in dif- 
ferent parts of the field, and to gauge 
the actual intensity of different parts of 
the field while the machine is running'. 
If the brushes are badly set, or if the 
pole-pieces are not judiciously shaped, 
the rise of potential will be irregular, 
and there will be maxima and minima of 
potential at other points. An actual 
diagram, taken from a dynamo in which 
these arrangements were faulty, is shown 
in Fig. 33, and again is plotted horizon- 
tally in Fig. 34 ; from which it will be 
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86^1, not only that the rise of potential 
was irregular, but that one part of the 
collector was m^re positive than the 

Fig.33 




DIAGRAM OP POTENTIAL ROUND THE COL- 
LECTOR OF A BADLY-ARRANGED DYNAMO. 
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HORIZONTAL DIAGRAM OF POTENTIALS AT 
COLLECTOR OF FAULTY DYNAMO. 

positive brush, and another part more 
negative than the negative. The brushes, 
therefore, were not getting their proper 
difference of potential ; and in part of 
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the coils, the currents were actually being 
forced against an opposing electromotire 
force. 

I believe that this method of plotting 
the distribution of potential round the col- 
lector will prove very useful in practice, 
and will explain various puzzling and 
anomalous results found bj experimenters 
who have not known how to explain them. 
In a badly-arranged dynamo, such as that 
giving such a diagram as Fig. 33, a second 
pair of brushes, applied at the points 
showing maximum and minimum po- 
tential, could draw a good current with- 
out interfering greatly with the current 
flowing through the existing brushes ! 
In fact, I find that this bad distribution, 
giving rise to anomalous maxima and 
minima, has actually been patented by a 
gentleman of the name of Kennedy,* who 

puts* brushes on six different points of a 
col ector ! 
Curves, similar to those given, can be 

obtained from the collectors of any dy- 
namo of the first class — Gramme, Sie- 



* British patent, No. 1,640 (1883). 
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mens, Edison, &c. — saying only from the 
Smsh machine, which, having no such 
collector, gives diagrams of quite a dif- 
ferent kind. It is, of course, not need- 
fal in taking such diagrams that the 
actual brushes of the machine should be 
in contact, or that there should be any 
circuit between them, though in such 
cases the field-magnets must be separate- 
ly excited. It should also be remem- 
bered that the presence of brushes, 
drawing a current at any point of the 
collector, will alter the distribution of 
potential in the collector ; and the man- 
ner and amount of such alteration will 
depend on the position of the brushes, 
and the resistance of the circuit between 
them. 

The Brush Dynamo. 

Before passing on to the dynamos of 
the second class, I have some remarks to 
make on that much mis-understood and 
mis-described machine, the Brush dy- 
namo. Its armature — a ring in form, 
not entirely overwound with coils, but 
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having projecting teeth between the 
coils like the Pacinotti ring — is unique. 
Though it thus resembles Paeinotti's ring, 
it differs more from the Pacinotti armature 
than that armature differs from those of 
Siemens, Gramme, Edison, Weston, Bur- 

r 

gin, &c.; for in all those successive see 
tions are imited in series all the way 
round, and constitute, in one sense, one 
continuous bobbin. But in the Brush 
armature there is no such continuity. 
The coils are connected in' pairs, each 
to that diametrically opposite it, and 
carefully isolated from those adjacent 
to them. For each pair of coils there 
is a separate commutator, so that, for ^ 
the ordinary ring of eight coils, there I 
are four distinct commutators side by 
side upon the axis — one for each pair 
of coils. The brushes are arranged so 
as to touch at the same time the com- 
mutators of two pairs of coils, but 
never of two adjacent pairs ; the adja- 
cent commutators being always connected 
to two pairs of coils that lie at right 
angles to one another in the ring. The 



123 



arrangement is best studied graphically 
from the diagram given in Fig. 35.* In 
this figure, the eight coils are numbered 
as four pairs, and each pair has its 
own commutator, to which pass the 
outer ends of the wire of each coil, 
the inner ends of the two coils being 
united across to each other (not shown 
in the diagram). In the actual machine, 
each pair of coils, as it passes through 
the position of least action (i. e., when 
its plane is at right angles to the di- 
rection of the lines of force in the field, 
and when the number of lines of force 
passing through it is a maximum, and 
the rate of change of these lines of 
force a m^inimum,) is cut out of con- 
nection. This is accomplished by caus- 
ing the two halves of the commutator 
to be separated from one another by 
about one-eighth of the circumference 

* This diagram I have constructed somewhat on the 
lines of a working model kindly lent me by Mr. Percy 
Allen, of the Anglo-American Corporation ; which, 
however, was designed to show the action of larger 
dynamo, having twelve coils on the ring and six com- 
mutators. 
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at each side. In the figure it will be 
seen that the coils marked 1, 1, are 
" cut out." Neither of the two halves 
of the commutator touches the brushes. 
In this position, however, the coils 3^ 
3,, at right angles to 1^ 1,, are in the 
position of best action, and the current 
powerfully induced in them flows out 
of the brush marked A, (which is, there- 
fore, the negative brush) into that 
marked A\ This brush is connected 
across to the brush marked B, where 
the current re-enters the armature. 
Now, the coils 2, 2, have just left the 
t position of best action, and the coils 
4, 4, are beginning to approach that 
position. Through both these pairs of 
coils, tiierefore, there will be a partial 
induction going on. Accordingly, it is 
arranged that the current, on passing 
into B, splits, part going through coils 
2, 2, and part through 4, 4, and re- 
uniting at the brush B', whence the 
current flows round the coils of the 
field -magnets to excite them, and then 
round the external circuit, and back to 
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the brush A. (In some machines it is 
arranged that the current shall go round 
the field-macfnets after leaving brush A', 
and before entering brush B ; in which 
case the action of the machine is some- 
times, though not coiTectly, described as 
causing its coils, as they rotate, to feed 
the field-magnets and the external circuit 
alternately). The rotation of the arma- 
ture will then bring coil 2, 2, into the 
position of least action, when they will 
be cut out and the same action is re- 
newed with only a slight change in the 
order of operation. The following table 
summarizes the successive order of con- 
nections during a hAlf revolution : 

First position. (Coils 1 cut out.) 
A-3-A; B<t>B; 

Field-magn ets — External circuit — A. 

Second position. (Coils 2 cut out.) 
A<f >A; B-4-B; 
Field mapfnets — External circuit — A. 
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Third position, (Coils 3 cut out.) 
A-l-A; B<J>B; . 

Field-magnets— External circuit— A. 

Fourth position. (Coils 4 cut out.) 
A<J>A; B-2— B; 

Field-magnets— External circuit— A. 

From this it will be seen that which- 
ever pair of coils is in the position of 
best action, is delivering its current di- 
rect into the circuit; whilst the two 
pairs of coils which occupy the second- 
ary positions are always joined in parallel 
the same pair of brushes touching the 
respective commutators of both. 

One consequence of the peculiar ar- 
rangement thus adopted' is, that measur- 
ing the potentials round one of the com- 
mutators with a voltmeter gives a wholly 
different result from that obtained 
with other machines. For one-eighth 
of the circumference on either side 
of the positive brush, there is no sensible 
difference of potential. There then comes 
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a region in which the potential appears to 
fall oflf ; but the falling 6& is here partly 
due to the shorter time during which the 
adjustable brush connected with the volt- 
meter and the fixed positive brush are 
both in contact with the same part of the 




DIAOBAM OF POTENTIALS AT COMMUTATOR 
OF BRUSH DYNAMO. 

commutator. Furtht r on there is a region 
in which the voltDieter gives no indications 
corresponding to the cut out position ; 
and again, on each side of the negative 
brush, there is a region where the polarity 
is the same as that of the negative brush. 
Fig. 36 is a diagram of a 6-light Brush 
taken at one commutator, the main + 
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brash being, boweyer, allowed to rest (as 
in its usual position), in contact with 
both this commutator and the adjacent 
one. 

From the foregoing considerations, it 
will be clear that the four pairs of coils 
of the Brash machine really constitute 
four separate machines, each delivering 
alternate currents to a commutator, which 
commutes them to intermittent uni- 
directional currents in the brushes ; and 
that these independent machines are 
ingeniously united in pairs by the device 
of letting one pair of brushes press 
against the commutators of two pairs of 
coils. Further, that these paired ma- 
chines are then connected in series, by 
bringing a connection round from brush 
A' to brush B. 

The following experiment illustrates 
the independence of tbe four pairs of 
coils in tbe Brush dynamo.* The usual 
commutators of a small Brush dynamo 

* This beautiful experiment was first shown me by 
Mr. P. Allen, who kindly fitted up tbe little Brush 
dsmamo with the eight collars for this occasion. 
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were removed and replaced by eight brass 
collars, to each of which was united one 
end of one of the four pairs of coils. 
Against these rings pressed eight separate 
brushes, and the circuit of each of the 
four pairs of coils was completed, as 
shown in Fig. 37, through an ordinary 
detector galvanometer. On rotating the 
armature by hand, at a moderate speed, 
the needles of all four detectors are set 
vibrating to and fro by the alternate cur- 
rents, not synchronously, but one after 
the other. If any of the four circuits 
are broken, the others go on as before. 

Dynamos of the Second Class. 

I now pass on to dynamos of the second 
class, in which coils are carried round to 
different parts of a magnetic field, whose 
intensity differs in different regions, or 
one, in different parts of which the lines 
of force run in opposite directions. Fig. 
13 of my first lecture illustrated this 
principle ; and we shall now consider how 
it is carried out in practice. In the early 
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machine of Pixii a single pair of coils 
was mounted so as to pass in this fashion 
through parts of the field where the 
magnetic induction was oppositely direct- 
ed. Such a machine, therefore, gives 
alternate currents, unless a commutator 
be affixed to the rotating axis. Niaudet's 
dynamo, which may be regarded as a 
compound Pixii mcahine, having the 
separate armature coils united like those 
of Gramme and Siemens in one continuous 
circuit, is furnished with the radial col- 
lector mentioned above. In the Wallace- 
Farmer dynamo is very nearly realized 
the condition of field of Fig. 13, there 
being a pair of poles at the top arranged 
so that the north faces the south pole, and 
another pair at the bottom where the 
south faces the north pole. The coils are 
carried round, their axis being always 
parallel to the axis of rotation, upon a 
disk ; there being two sets of coils on 
opposite faces of two disks of iron set 
back to back. They are united precisely 
as in Niaudet's dynamo, and each disk 
has its own collector. £]ach bar of the 
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collector is, moreover, connected, as in 
the dynamos of Pacinotti, Gramme, 
Siemens, &c., with the end of one coil, 
and the beginning of the next. In fact, 
the Wallace-Farmer machine is merely a 
double Niaudet dynamo with the cylindri- 
cal collectors. There is a serious ob- 
jection to the employment of solid iron 
disks such as these. In a very short time 
they grow hot from the eddying Foucault 
currents engendered in them as they 
rotate. This waste reduces the efficiency 
of the dynamo. In the dynamo of Hop- 
kinson and Muirhead, the disk armature 
takes a more reasonable shape. Instead 
of a soHd disk of iron to silpport the 
coils, there is a disk built up of a thin 
iron strip wound spirally round a wooden 
center. The coils, of approximately 
quadrangular shape, and flat form, are 
wound upon the sides of this compound 
disk. The dynamo of Ball (the so-called 
" Arago-disk" machine) is similar in many 
respects, but has no iron cores to the 
armature coils. 
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ALTEKNATJt-CUKRENT DyNAHOS. 

But by far the most important of the 
dynamos of this second class are those 
usually known as alternate-current ma- 
chines. This type of dynamo was origin- 
ally created by Wilde, in 1867. The field- 
magnets, consist of two crowns of fixed 
coils, with iron cores, arranged so that 
their free poles are opposite to one an- 
other, with a space between them suf- 
ficently wide to admit the armature. The 
poles taken in order round each crown 
are alternately of north and south 
polarity, and opposite a north pole of one 
crown faces a south pole of the other 
crown. This description will apply to 
the magnets of the alternate current 
machines of Wilde and Siemens, to the 
so-called Ferranti machine, and, with 
certain reservations, to the machines of 
Lachausee and of Gordon. The armatures 
in almost all machines of this type con- 
sists of a disk, bearing at its periphery 
a number of coils, whose axes are 
parallel to the axis of rotation. The 



principle will be best understood by 
reference to Fig. 38, which gives ft g^ueral 
Tiew of the arrangement. Since tha lines 



PEISCIPLB OF jiLTEIiNATE-CCBREKT DYNAMoa. 

of force run in opposite directions be- 
tween the fised coila, which are iilternately 
S — N, N — S, ae described above, the mov- 
ing coila will necessnrily be traversed Ijy 
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alternating currents ; and as the alternate 
coils of the armature will be traversed by 
currents in opposite senses, it is needful 
to connect them up, as shown in the 
figure, so that they shall not oppose one 
another's action. 

In Wilde's dynamo, the armature coils 
have iron cores, and the machine is pro- 
vided with a commutator on the same 
principle as that used by Jacobi in his 
famous motor of 1838, consisting of two 
metal cylinders, cut like crown wheels, 
having the teeth of one projecting 
between those of the other, so that the 
brushes make contact against them 
alternately as they rotate. The brushes 
are, of course, fixed, so that they do not 
both touch the same part. This com- 
mutator Wilde usually applied to a few, 
or only one, of the rotating coils, and 
utilized the current thus obtained to 
magnetize the field-magnets. The main 
current was not so commuted, but was 
led away from a simple collector, con- 
sisting of two rings connected to the two 
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ends of the armature circuit, each being 
pressed by one brush. 

Siemens prefers to use a separate direct 
current machine to excite the field-mag- 
nets of alternate-current dynamo. In 
the armature of the latter the coils 
are wound usually without iron, upon 
wooden cores. In some forms of 
the machine, the individual coils are en- 
closed between perforated disks of thin 
German-silver. When currents of great 
strength are required, but not of great 
electromotive force, the coils are coupled 
up in parallel arc, instead of being united 
in series. 

In a dynamo by Lachausee, which very 
strikingly resembles the preceding one, 
there is iron in the cores of the rotating 
coils. But the main difference is that the 
rotating coils are the field magnets, ex- 
cited by • a separate Gramme dynamo, 
whilst the coils, which are fixed in two 
crowns on either side, act as armature 
coils in which currents are induced. 

Gordon's dynamo, the largest yet con- 
structed, is constructed on the same lines 
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as the LachauBsee machine ; but with 
many important improvements. In the 
first place, there are twice as many coils 
in the fixed armatures as in the rotating 
magnets, there being 32 on each side of 
the rotating disk, or, in all, 64 moving 
coils ; while there are 64 on each of 
the fixed circles, or 128, stationary coils 
in all. The latter are of an elongated 
shape, wound upon a bit of iron boiler- 
plate, bent up to an acute V form, with 
checks of perforated Oerman silver as 
fianges. The object of thus arranging 
the coils, so that the moving ones shall 
have twice the angular breadth of the 
fixed ones, is to prevent adjacent coils of 
the fixed series from acting detrimentally, 
by induction, upon one another. The 
alternate coils of the fixed series are 
united together in parallel arcs, so that 
there are two distinct circuits, in either 
or both of which lamps can be placed ; 
or they can be coupled up together. 
Great care appears to have been taken, 
in the construction of this large machine, 
to guard against the appearance of 
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Foucault currents, by arranging the 
cores, frames, and coils, so that all metal 
parts of any size shall be slit, or other- 
wise structurally divided at right-angles 
to the direction of the induced electro- 
motive forces. 

Yet another alternate-current dynamo, 
identical in many respects with the 
Siemens alternate-current dynamo, has 
lately been brought out, under the name 
of the Ferranti machine. As in the ma- 
chines of Wilde and Siemens, the electro- 
magnets form two crowns with opposing 
poles. The point of difference is the 
armature, which, like that of Siemens, 
has no iron cores in his coils ; but which,. 
unlike that of Siemens, is not made up of 
coils wound round cores, but consists of 
zigzags of strip copper folded upon one 
another. There are eight loops in the 
zigzag (as shown in Fig. 39,) which 
depicts half only of the arrangement, and 
on each side are sixteen magnet poles ; so 
that, as in Gordon's dynamo, the moving 
parts are twice the angular breadth of the 
fixed parts. 



The advantage of the armature of zig- 
zag copper lies in its Bimplidtj' of cod- 
Btruction. Sir W. Thomson, who is the 
real inventor of this armature, proposed 
originally that the copper strips should 

Fig. 39. 



OF FEEBANTI S ALTEBNATE- 
CCBBENT DTNAHOB. 

be wound between projecting t«eth on a 
wooden wheel, aa indicited Fig 40, in 
which is taken from the drawings of his 
British patent of December, 1881. He 
also proposed to use as field-magnets a 
form of electro-magnet of the kind known 
as Boberts, and also used by Joule, in 
which the wires that bring the exciting 
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current are passed up and down, in a zig- 
zag form between iron blocks projecting 
from an iron frame. Fig. 41 shows the 
form, as indicated in the specification, 
the conducting strips being wound round 

Fig. 40. 
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SIR W. THOMSON 8 ZiaZA.G WINDING OF ARMA- 
TURE FOR ALTERNATE-CURRENT DYNAMO. 
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between wrought-iron projections screwed 
to a cast-iron frame. lam not aware that 
this particular suggestion has been 
adopted as yet in practice. 

Much more might be said concerning 
the two machines last described— the 
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Gordon and tlie Thotnsoti dynamoa — but 
time does nut permit me to dwell longer 
apnii tiiem. Aud, indeed, I am not at all 
C'jiivinced that this type of machine, 
thoii^'b at present it appears to be the 
/ifjhionable one, is destined to prove of 

Fig. 41- 



SIB W. THOMSON S PROPOSED FIELD 

such very great value, simply because 
doubt whether any dynamo that yields 
alternate currents can compete with 
tinuous-current machines. For the pur- 
poeea of a general system of distribution, 
where more than one dynamo must be 
available, and also for the purpose 
supplying motors, alternate-current i 
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chines ar*5 quite out of the question. I 
will iiot therefore dwell longer upon 
them, than merely to remark that^ be- 
sides the disk armatures now described, 
pole armatures have been employed in 
alternate-current machines by Gramme, 
Jablochkoff, and Lontin. Von Hefner 
Alteneck has gone a stage further, and, 
by the device of employing a disk arma- 
ture in which the number of coils differed 
by two, or some other even number, from 
those of the field, and by the employment 
of a multiple-bar collected with compli- 
cated cross connections, has succeeded in 
converting this type of dynamo into a 
continuous-current machine. 

Thomson's " Mouse-mill " Dykamo. 

One other dynamo, not belonging to 
the type I have been dealing with, is 
worthy of mention. This is ISir W. 
Thomson's " mouse-mill " dynamo, shown 
in Fig. 42, in diagram. I have noticed, 
en passant, several points in this ma- 
chine — the form of its field-magnets and 



their coils, tlie internal elecb^magueta, 
«to. The armature is a hollow cylinder, 
S S, made ttp of parallel copper bars, ar- 



eix w. Thomson's " uodse-uill " 

Ttnged like the bars of a moose-mill 
(whence the name of the machine). These 
l>ars are insulated from each other, but 
are connected all together at one end. At 



1 



144 

the other they serve as collector-bars, and 
deliver up the currents generated in them 
to the '' brushes," which here are rotating 
disks of springy copper shown as dotted 
circles at C C in the figure. As the arma- 
ture is a hollow barrel, with fixed electro- 
magnets witbin, it cannot be rotated on a 
spindle, but runs on friction rollers, 
A A', by one or more of which it is driven. 

Dynamos op the Third Class. 

I now come to the third class of dyna- 
mos — those in which rotation of a con- 
ductor effects a continuous increase in 
the number of lines of force cut, by 
the device of arranging one part of the 
conductor to slide on or round the mag- 
net. 

The earliest machine which has any 
right to be called a dynamo, was in fact, 
of this class. Barlow and Sturgeon had 
shown that a copper disk, placed between 
the poles of a magnet (Fig. 43) rotates in 
the magnetic field when traversed by an 
electric current from its axis to its per- 
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iphery, where there is a sliding contact. 
Faraday, in 1831, showed that by rotat- 
ing a similar disk mechanically between 
the poles of a magnet continuous cur- 
rents were obtained. These he drew oflf 
by collecting springs of copper or lead, 



Fig. 43 




BARLOW S WHEEL. 



one of which touched the axis (see Fig. 
44), whilst the other pressed against the 
amalgamated periphery. He was thus 
" able to construct a new electrical ma- 
chine."* 

"Here, therefore, was demonstrated 
the production of a permanent {L e. con- 
tinuous) current of electricity by ordinary 
magnets." But Faraday did not stop 
short with ordinary magnets ; he went on 

* Experimental Besearches, % 83. 
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to employ the principle of separate ex- 
citement of his field-mskgnets. ^' These 
effects were also obtained from electro- 
magnetic poUSy resulting from the use 
of copper helices or spirals, either 
alone or with iron cores. The directions 

Finr. 44. 




FABADAY^S DISK DYNAMO. 



of the motions were precisely the same ; 
but the action was much greater when 
the iron cores were used, than without.*'* 
The invention of the ^dynamo dates, 
therefore, from 1831, and Faraday was its 
inventor, though he left to others to reap 
the fruits of his splendid discovery, f 

* Experimental Beeearchee, $ 111. 

t Baeperimental ResearckeSt § 158 : — ** I have rather, 
however, been desirous of disoovering new facts 
and new relations dependent on magneto • eleo- 
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Sucbi a machine, however, is impractica- 
ble, for several reasons; the peripheral 
friction is inadmissible on any but a 
small scale ; moreover, the disposition of 
the field-magnets necessarily evokes 
wasteful eddy-currents in the disk, which, 
even if slit radially, would not be an ap- 
propriate form of armature for such a Hm- 
ited magnetic field. 

Another method of obtaining a con- 
tinuous cutting of the lines of force, is 
indicated in Fig. 46, where a sHding con- 
ductor travels round the pole of a mag- 
net. Faraday even generated continuous 
currents by rotating a magnet with a 
sliding connection at its center, from 
which a conductor ran round outside, 
and made contact with the end-pivots 
which supported the magnet 

A similar arrangement was devised by 
Mr. S. Alfred Varley, about the year 

trio Induction, than of exalting the force of those 
already obtained ; being assured that the latter would 
find their full development hereafter." Can any pas- 
sage be found in the whole range of science more 
profoundly prophetic, or more characteristically 
philosophic, than these words, with which Faraday 
closed this section of his researches? 
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1862. He rotated an iron magnet in ft 
vertical frame, liaving a mercurial connec- 
tion at the center. The current which 
flowed from both ends of the magnet to- 



HOTATIOS OP CONDDCTOR ABODT POLE 
OF MAONET. 

ward the center was, in this machine— 
which, by the kindness of Mr. Yarleyi I 
am able to exhibit to yon tonightr- 
made to return to the machine, and to 
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pass through coils surrounding the poles 
of the rotating magnet; thus anticipat" 
ing the self-exciting principle of later 
date. Mr. Varley also proposed to use 
an external electro-magnet to increase 
the action. 

Quite recently, the same fundamental 
idea has been worked upon by Messrs. 
Siemens and Halske, who have produced 
a so-called." unipolar" machine.* In this 
remarkable dynamo there are two cylin- 
ders of copper, both slit longitudinally 
to obviate eddy-currents, each of which 
rotates round one pole of a U-shaped 
electro-magnet. A second electro-mag- 
net, placed between the rotating cylin- 
ders, has protruding pole-pieces of arch- 
ing form, which embiace the cylinders 
above and below. Each cylinder, there- 
fore, rotates between an internal and an 
external pole of opposite polarity, and 

* This sounds like a locus a non Ivcendo, for the ma- 
chine has two poles. But the name is derived from 
the term "unipolar induction," which Continental 
electricians {?ive to the induction of currents hy the 
process of " continuous cutting," which we are now 
dealiug with . I do not adopt the term, as it is need- 
lessly mystifying. 
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consequently cuts the lines of force con- 
tinuously by sliding upon the internal 
pole. The currents from this machine 
are of very great strength, but of only a 
few volts of electromotive force. To 
keep down the resistance, many collect- 
ing brushes press on each end of each 
cylinder. This dynamo is actually at 
work for electro-plating. 

The only other dynamo of this class, 
of which I have seen any published no- 
tice, is one recently patented by Mr. E. 
L. Voice, in which a coil armature Woimd 
upon an iron ring, is so placed that the 
iron ring is itself one pole of a magnet, 
a projecting pole-piece from the other 
pole being fixed near it, so that the coils 
fixed upon one pole glide round and cut 
the lines of force proceeding from the 
other p:le. Whether this machine will 
be a practical one remains to be seen. 

We are, however, far from having ar- 
rived at finality in the design and con- 
struction of dynamo-electric machines. All 
we can yet say is, that we appear to be ap- 
proaching the time when practice will no 



151 



longer be a species of blrmdering along 
into success or failure. For every-day 
theory is more brought to bear in prac- 
tice, and will soon enable us to predict 
with certainty beforehand what will be 
the merit of a dynamo of any particular 
design ; and even to say not only what 
its cost will be, and what its efficiency 
and maximum duty, but also how many 
volts of electromotive force, and how 
many amperes of current it will put at 
our disposal. In short, the application of 
theory in the manufacture of dynamos 
must rapidly lead to great and substan- 
tial improvements in the dynamo in 
practice. 



Dynamo-Electric Machinery. 

m. 



The Dynamo as a Motor. 

In my first lecture, I laid down the defi- 
nition that dynamo-electric machinery 
meant " machinery for converting the en- 
ergy of mechanical motion into the en- 
ergy of electric currents, or vice versaP 
In the two lectures which I have already 
had the honor of delivering, I have treat- 
ed the dynamo solely in its functions as 
a generator of electric currents. In this 
third lecture I come to the converse func- 
tion of the dynamo, namely, that of con- 
verting the energy of electric currents 
into the energy of mechanical motion. 

An electric-motor, or, as it was for- 
merly called, an electro magnetic engine, 
is one which does mechanical work at the 
expense of electric energy ; and this is 
true, no matter whether the magnets 
which form the fixed part of the machine 
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be permanent magnets of steel or electro- 
magnets. Any one, in fact, of the four 
kinds of dynamo, can be used conversely 
as a motor, though, as we shall see, some 
more appropriately than others. But 
whether their field magnets be of perma- 
nently magnetized steel or of temporarily 
magnetized iron, all these motors are 
electro-magnetic in principle ; that is to 
say, there is some part either fixed or 
moving which is an electro-magnet, and 
which as such attracts and is attracted 
ndagnetically. 

Every one knows that a magnet will 
attract the opposite pole of another mag- 
net, and will pull it round. We know, 
also, that every magnet placed in a mag- 
netic field tends to turn round and set it- 
self along the lines of force. Let me, as 
a first illustration of this class of actions, 
exhibit to you the nature of the forces at 
work in the magnetic field. In the figure 
which I now throw upon the screen (Fig. 
46), we have, in the first place, a simple 
.magnetic field produced between the 
poles of two strong magnets, one on the 
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right, the other on the left. Between tbe 
two, confined forcibly at right-angles to 
the lines of force, I hold a BnuU msgnetio 
needle. Iron filings sprinkled in the field 

Fig. 46. 



reveal the actions at work in a most in- 
structive way. Faraday, who first taught 
UB the significance of these mysterioue 
lines of force, has told us that we may 
reason about them as if they tended to 
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contract or grow phorter. Now a simple 
inspection of Fig. 46 will show that the 
shortening of the lines of force must have 
the effect of rotating the magnetic needle 
upon its center, through an angle of 90°, 
for the hues stream away on the right 
hand above, and on the left hand below, 
in a most suggestive fashion. It is not, 
therefore, difficult to understand that 
very soon after the invention of the elec- 
tro-magnet, which gave us for the first 
time a magnet whose power was under 
control, a number of ingenious persons 
perceived that it would be possible to 
construct an electro-magnetic engine in 
which an electro-magnet, placed in a mag- 
netic lield, should be pulled round ; and 
further, that the rotation should be kept 
up continuously, by reversing the cm^ent 
at an appropriate moment.* As a matter 

[ * Thomas Dayenport, an ingenious blacksmith of 
Brandon, Vermont, constructed what was probably 
the earliest practical electric motor, with which he is 
said to have operated a printing press. He employed 
two or more movable and two or more stationary 
magnets, the former projecting radially from a shaft, 
and the latter either permanent or electro-magnets. 
See his patents, United States, No. 132, Feb. 25, 1887 ; 
and Great Britain, ^o. 7386 of ieS7.— F. L. P.] 
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of fact, a mere coil of wire, carrying a cur- 
rent, ia acted upon when placed in the 
magnetic field, and is palled round bb a 
magnet ia. Fig. 47 shows how, in this 

Fig. 47. 
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case, the lines of force reveal the action- 
The m^iietic field is as before, produced 
between the ends of two Itirge magnets. 
The two round spots are two holes drilled 
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in the sheet of glass, where the wire which 
carried the current came up through the 
glass and descended again. You will no- 
tice how the lines of iron fihngs, which 
would, if there were no current, run sim- 
ply across from left to right, are bent out 
of their course. If theee lines could 
shorten themselves, they must, of neces- 
sity, twist the loop of wire round, and 
cause it to set at right angles to its pres- 
ent position. 

On this very principle was constructed 
the earhest electric-motor of Ritchie,* so 
well known in many forms as a stock piece 
of electric apparatus, but Uttle better in 
reality than a toy. 

A great step in advance was made by 
Jacobi, who, in 1838, constructed the 
multipolar machine, of which we give a 
representation in Fig. 48. f This motor, 

I* Davis's Manual qf Magnetism^ Ed. of 1857, p. 213.— 
H. R* .B.J 

[tA motor upon the same principle as that of 
Jacobi, and very similar to it in mechanical construc- 
tion, was patented in the United States by Solomon 
Stimpson, of New York, Sept. 12, 1888, No. 910. Daven- 
port, in 1887, employed substantially the same organ 
ization. See note, p. 155.— F. L. P.] 
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which Jacobi designed for his electric 
boat, had two strong wooden frames, A 
andB, in each of which a dozen electro- 
nxagnets were fixed, their poles being set 
alternately. Between them, upon a wood- 
en disk, were placed another set of elec- 
tro-magnets, which, by the alternate at- 
traction and repulsion of the fixed poles, 
were kept in rotation, the current which 
traversed the rotating magnets being reg- 
ularly reversed at the moment of passing 
the poles of the fixed magnets by means 
of a commutator, consisting, according to 
Jacobi's. directions, of four brass-toothed 
wheels, having pieces of ivory or wood let 
in between the teeth for insulation. Ja- 
cobi's motor is, in fact, a very advanced 
type of dynamo, and diflfers very little 
in point of design from one of Wilde's 
most successful foims.* 

A still earlier rotating apparatus, and, 
hke Eitchie's motor, a mere toy, was Bar- 
low's wheel. Fig. 43, described in 1823. 

♦Wilde's if, however, desljarDed as a generator. 
Jacobi's, on the coDtrary, was desiisned as a motor; 
though, of course, it would generate currents if 
driven round by mechanical power. 
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This instrument, interesting as being the 
forerunner 6i Faraday^s disk dynamo, 
is the representative of an important class 
of machines, namely, those which have a 
sliding contact merely, and need no eom- 
mutator. 

A fourth class of motors may be named, 
wherein the moving part, instead of ro- 
tating upon an axis, is caused to oscillate 
backwards and forwards. Professor 
Henry, to whom we owe so much in the 
early history of electro-magnetism, con- 
structed, in 1831, a motor with an oscil- 
lating beam, alternately drawn backwards 
and forwards by the intermittent action 
of an electro magnet.* Dal Negro's motor 
of 1833 was of this class ; in it a steel 
rod was caused to oscillate between the 
poles of an electro-magnet, and caused a 
crank, to which it was geared, to rotate 
in consequence. A distinct improvement 
in this type of machine was introduced 
by Page, who employed hollow coils or 

I* Am, Jour. Sci,, rol. xx., p. 940, et seq. This was the 
first electro-motor proper ever constructed, and was 
designed merely to demonstrate the possibility of snch 
an application of electricity.— F. L. P.] 
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bobbins as electro-magnets, which, by 
their alternate action, sucked down iron 
cores into the coils, and caused them to 
OBcillate to and fro.* Motors of this kind 
form an admirable illustration of one of 
the laws of electro-magnetics, first for- 
mulated by dauss, but developed later 
by Maxwell, to the e£fect that a circuit 
acts on a magnetic pole in such a way as 
to make the number of magnetic lines of 
force that pass through the circuit a 
maximum. Once more I have recourse 
to iron filings to illustrate this abstract 
proposition of electric geometry. 

In the figure before you (Fig. 49), the 
north pole of a bar magnet is placed op- 
posite a circuit or loop of wire traversed 
by a current, and which comes up through 
the glass at the lower hole, and descends 
at the upper hole. The tendency to draw 
as many as possible of the magnet's lines 
of force into the embrace of the circuit 
is unmistakable. If now we reverse the 
current, what do we find? Fig. 50 sup- 

[* J)avis'8 Manual of Magnetism, ed. of 1867, pp. 182- 3. 
— H. B* B.l 



plies the answer; for now we find that 
the magnet's lines of force, instead of 
being drawn In, are pushed oat. In fact, 
in one case, the pole is attracted, in the 
other repelled. 
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rig. so. 



POLE OF MAGSET KEPELLED OUT OF 'THE 
CniCCIT ■WHEN THE CURRENT 18 REVERSED. 

Page's suggestion was furthei- devel- 
oped by Bourbouze, who constrncted the 
curious motor wliicb looks uncommonly 
like an old type of steam-engine. We 
have here a be&m, a crank, fly-wheel, con- 
necting-rod, and even an eccMitric valve- 
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gear and a slide valve. But for cylinders 
we have fonr hoDow electaro-inagnets; 
for pistons we have iron cores, that are 
alternately sucked in and repelled out; 
and for slide valve we have a commutator, 
which, by dragging a pair of platinurn- 
tipped springs over a flat surface made 
of three pieces of brass separated by two 
insulating strips of ivory, reverses at 
every stroke the direction of the currents 
in the coils of the electro-magnets. It is 
really a very ingenious machine, but, in 
point of efficiency, far behind many other 
electric motors. Unfortunately, it does 
not do to design dynamo^electric ma- 
chinery on the same lines as steam-en- 
gines. 

Yet a fifth class of electric-motors owes 
its existence to Froment, who, fixing a 
series of parallel iron bars upon the 
periphery of a drum, caused them to be 
attracted, one after the other, by an elec- 
tro-magnet or electro-magnets, and thus 
procured a continuous rotation.* 

[* Dr. Edmondson, of Baltimore, published in 1884, 
a description of a rotary motor, which is probably the 
earliest example of this particular type.— -F. L. P.J 
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Lastly, of the various types of motors 
•we may enumerate a class in which the 
rotating portion is enclosed in an eccen- 
tric frame of iron, so that as it rotates? 
it gradually approaches nearer. Little 
motors, working on this principle of 
** oblique approach," were invented by 
Wheatstone, and have long been used 
for spinning Geissler tubes, and other 
light experimental work. More recently, 
Trouve and Weisendanger have sought 
to embody this principle in motors of 
more ambitioi;is proportions, but without 
securing any great advantage. 

It would be impossible, within the limits 
of a lecture, to deal with a tithe of all the 
various stages of discovery and invention, 
and if it were my intention to deal with 
the subject from the historical point of 
view, I might speak of many interesting 
and curious machines that have from time 
to time been tried. I might tell you how 
Page, after inventing his machine in 1834, 
succeeded,in 1852, in constructing a motor 
of such a size that he was able to drive a 
circular-saw and a lathe by it. I might 
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describe the electric-motor of Davidson, 
which, in 1842, enabled him to propel a 
carriage at the speed of four miles an 
hour, between Edinburgh and Glasgow. 
I might describe the engine built in 1849, 
by Soren Hj5rth, at Liverpool, wliich was 
of ten-horse power. 

All these early attempts, however, came 
to nothing, for two reasons. .At that 
time there was no economical method of 
generating electric currents known. At 
that time, moreover, the great physical 
law of the conservation of energy was 
not recognized, and its all - important 
bearings upon the theory of electric ma- 
chinery were not available. 

While voltaic batteries were the only 
available sources of electric currents, 
economical working of electric-motors 
was hopeless. For a voltaic battery, 
wherein electric currents are generated 
by dissolving zinc in sulphuric acid, is a 
very expensive source of power. Tb say 
nothing of the cost of the acid, the zinc — 
the very fuel of the battery— costs more 
than twenty times as much as coal, and 
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is a far worse fuel ; for whilst an ounce 
of zinc will eyolve heat to an amount 
equivalent to 113,000 foot-pounds of 
work, an ounce of coal will furnish the 
equivalent of 696,000 foot-pounds. 

The fact, however, which seemed most 
discouraging, and which, if rightly inter- 
preted in accordance with the law of con- 
servation of energy, would have been 
found to be (on the contrary) a mogt 
encoura^^g fact, was the following: — 
If a galvanometer was placed in the cir- 
cuit with the electric-motor and the bat- 
tery, it was found that when the motor 
was running it was impossible to force 
so strong a current through the wires as 
that which flowed when the motor was 
standing still. Now there are only two 
causes that can stop such a current flow- 
ing in a circuit ; there must be either an 
obstructive resistance or else a counter- 
electromotive force. At first, the com- 
mon idea was that, when the motor was 
spinning round, it offered a greater re- 
sistance to the passage of the electric 
current than when it stood still. The 
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genius of Jaoobi enabled him, howeyer^ 
to discern that the obserred diminntion 
of current was really due to the &ct that 
the motor, b j the act of spinning round, 
began to work as a dynamo on its own 
account, and tended to set up a current 
in the circuit in the opposite direction to 
that which was driving it The faster it 
rotated the greater was the counter-elec- 
tromotiye force (or *^ electromotiye force 
of reaction *') which was deyeloped. In 
fact, the theory of conservation of energy- 
requires that such a reaction should exist- 
We know that, in the converse case, 
when we are employing mechanical power 
to generate currents by rotating a dyna- 
mo, directly we begin to generate cur- 
rents, that is to say, directly we begin to 
do electric work^ it immediately becomes ' 
much harder work te turn the dynamo 
than is the case when no electric work is 
being done. In other words, there is an 
opposing reaction to the mechanical force 
which we apply in order to do electric 
work. An opposing reaction to a mechan- 
ical force may be termed a ^'counter- 
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force." When, on the other hand, we ap- 
ply (by means of a voltaic battery, for 
example) an electromotive force to do 
mechanical work, we find that here again 
there is an opposing reaction ; and an 
opposing reaction to an electromotive 
force is a " counter-electromotive force." 
The experiment of showing the exis- 
tence of this counter-electromotive force 
is a very easy one. All one requires is a 
little motor, a few cells of battery, and a 
g'alvanometer. The galvanometer I shall 
use to-night is the one which I brought 
out some years ago, and which has proved 
itself very convenient for lecture work, 
because it can be put into any ordinary 
lantern and projected on the screen (Fig. 
51). I have here, as a battery, four small 
accumulatoi-s of the Faure-Sellon-Volck- 
mar type, and I have connected them 
-with a little motor, also of my own design, 
the current being arranged so as to 
run through the galvanometer. I hold 
the spindle of the motor fast, so tbat it 
cannot rotate, and you see that the pointer 
of the galvanometer indicates 44°. I now 
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release the motor ; it begins to rotate, and 
as its speed increases, you observe the 
needle descends the scale to 23°, and 
eventnally to about 15°. If I load the 
motor and canse it to slacken speed, the 
needle at' once rettiras. 



LASTERS GALVANOMETER. 

The existence of this counter-electro- 
motive force is of the utmost importance, 
in considering the action of the dynamo 
as a motor, because upon the existence 
and magnitude of this counter-electro- 
motive force, depends the degree to which 
any given motor enables us to utilize 
electric energy that is supplied to it in 
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the form of an electric current. In dis- 
cuBsing the dynamo as a generator, I 
pointed out many considerations, the ob- 
servance of which would tend to improve 
the efficiency of such generators. It is 
needless to say that many of these con- 
siderations, such as the avoidance of use- 
less resistances, unnecessary iron masses 
in cores and the like, will also apply to 
motors. The freer a motor is from such 
objections, the more efficient will it be. 
But the efficiency of a motor in utilizing 
the energy of a current depends not only 
on its efficiency in itself, but on another 
consideration, namely, the relation be- 
tween the electromotive force which it 
itself generates when rotating, and the 
electromotive force — or, as some people 
call it, the electric pressure — at which 
the current is supplied to it. A motor 
which itself in running generates only a 
loto electromotive force cannot, however 
well designed, be an effici€7it or economi- 
cal motor when supplied with cuiTents at 
a high electromotive force. A good low- 
pressure steam-engine does not become 
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more " efficient "^ by being supplied with 
high-pressure steam. Nor can a high- 
pressm*e steam-engine, however well con- 
structed, attain a high efficiency when 
worked with steam at low pressures. 
Analogous considerations apply to dyna- 
mos used as motors. They must be sup- 
plied with cun-ents at electromotive forces 
adapted to them. Even a perfect motor 
— one without friction or resistance of 
any kind — cannot give an "efficient" or 
economical result, if the law of efficiency 
is not observed in the conditions under 
which the electric current is supplied to 
it. 

Now it can be shown, mathematically, 
that the efficiency with which a perfect 
motor utilizes the electiic. energy of the 
current depends upon the ratio between 
this counter-electromotive force and the 
electromotive force of the current that is 
supplied by the battery. No motor ever 
succeeds in turning into useful work the 
whole of the currents that feed it, for it 
is impossible to construct machines with- 
0«it resistance, and whenever resistance 
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is offered to a current, part of the energy 
of the current is wasted in heating the 
resisting wire. Let the symbol W stand 
for the whole electric energy of a current, 
and let w stand for that part of the energy 
which the motor takes up as useful work 
from the circuit.* All the rest of the en- 
ergy of the current, or W — w, will be 
wasted in useless heating of the resist- 
ances. 

But if we want to work our motor un- 
der the conditions of greatest economy, 
it is clear that we must have as little heat- 
waste as possible ; or, in symbols, to muBt 
be as nearly as possible equal to W. It 
can be shown, mathematically, that the 
ratio between the useful energy thus ap- 

* This symbol w must be clearly understood to refer 
to the yplue of the work taken up by the motor, as 
measured electrically. The whole of this work will 
not appear as useful mechanical effect, however, for 
part will be lost by mechanical friction, and part also 
in the wasteful production of eddy-currents in the 
moving parts of the motor. What proportion of tcr 
appears as useful mechanical work depends on the 
efficiency of the motor per te, which we are not here 
considering. In all that inmiediately follows we shall 
suppose such causes of loss not to exist ; or the motor 
will be considered as a perfect motor. 
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propriated and the total energy spent, 
is equal to the ratio between the counter- 
electromotive force of the motor and the 
whole electromotive force of the battery 
that feeds the motor. The proof will be 
given later. Let us call this whole 'elec- 
tromotive force with which the battery 
feeds the motor E, and let us call the 
counter-electromotive force e. Then the 
rule is 

«?: W = 6: E 

or, if we express the efficiency as a frac- 
tion, 

w ^ e 

W"E' 

But we may go one stage further. If the 
resistances of the circuit are constant, the 
current e, observed when the motor is 
running, will be less than C, the current 
while the motor was standing still. But 
from Ohm's law, we know that 

E-6 



hence 



*=-E 



0— c_ e M 
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From which it appears that we can cal- 
culate the efficiency at which the motor 
is working, by observing the ratio between 
the fall in the strength of the current and 
the original strength. Now this mathe- 
matical law of efficiency has been known 
for twenty years,* but has been strangely 
misapprehended. Another law, discov- 
ered by Jacobi, not a law of efficiency at 
all, but a law of maximum work in a given 
time, has usually been given instead. 

Jacobi's law concerning the maximum 
work of an electric-motor supplied with 
currents from a source of given electro- 
motive force, is the following : — The me- 
chanical work given out by a motor is a 
maximum when the motor is geared to 
run at such a speed that the current is 
reduced to half the strength that it would 
have tf the motor was stopped. This, of 
course, implies that the coimter-electro- 

• See Verdet's Theorie Mecanigue de la Chaleur^ 
wbere, liowever, Verdet makes the very mistake so 
often made, of supposing that the nrreatest possible 
efficiency of a motor, working with a giyen electro- 
niotive force, is 50 per cent., or its efficiency when 
working at the maximum rate. 
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motive force of the motor is equal-to half 
the electromotive force furnished by the 
battery or generator. Now, under these 
circumstances, only half the energy fur- 
nished by the external source is utilized, 
the other half being wasted in heating 
the circuit. If Jacobi's law were indeed 
the law of efficiency, no motor, however 
perfect in itself, could convert more than 
50 per cent, of the electric energy sup- 
plied to • it into actual work. Now Sie- 
mens showed, some years ago, that a 
dynamo can be, in practice so used as to 
give out more than 50 per cent, of the 
energy of the current. It can, in fact^ 
work more efficiently if it be not expected 
to do its. work so quickly.* Dr. Siemens, 
to whom we owe the honor of having first 
shown us the true physical signification 
of the mathematical expressions which, 
until then, had been regarded as mere 
abstractions, has in fact proved that if 
the motor be arranged so as to do its 

* The matter weis also very well and clearly put by 
Prof. W. £. AyrtozL, in his lecture on '* Electric Trans- 
mission of Power," before the British Association In 
«>»effield, in 1879. 
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work at less than the maximxun rate, by 
being geared bo as to do much lees work 
per revolution, but yet so as to run at a 
higher speed, it will be more efficient; 
that is to say, though it does, less work, 
there will also be still less electric energy 
expended, and the ratio of the useful 
work done to the energy expended will 
be nearer unity than before. 

The algebraic reasoning is as follows : 
If E be the electromotive force of the 
generator when the motor is at rest, and 
c be the current which flows at any time, 
the electric energy W, expended in unit 
time, will be (as expressed in watts) 
given by the equation 

W=Ec=E-^5^ (1) 

Now, when the motor is running, part 
of thib electric energy is being spent in 
doing work, and the remainder is wasting 
itself in heating the wires of the circuit. 
We have already used the symbol w for 
the useful work (per second) done by the 
motor. All the energy which is not thus 
utilized is wasted in heating the resist- 
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ances. Let the symbol H represent this 
heat. Its mechanical value will be HJ, 
where J stands for Jotile's equivalent. 
Then clearly we shall have 

• W=w+HJ. 

But, by Joule^s law, the heat-waste of 
the current, whose strength is c running 
through resistance R, is expressed by the 
equation 

HJ=c'R. 

Substituting this value above, we get 

W=w;+c'R ..... -(2) 

which we may also write 

«7=W--c'R. 

But by equation (1) W=Ec, whence 

«?=Ec-c'R (3) 

E— 6 
and, writing for c its value, —^-y we get 

(E^e)(E-[E-€]) 

«,^^ — s 

E— € 
or w^6-^ (4) 

Comparing equation (5) with equation 
(1), we get the following : 
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to __ e(E— 6) 

^ n we 

or, finally, W^E"' 

This is, in fact, the mathematical law 

of efficiency, so long misunderstood until 

Siemens showed its significance. We 

may appropriately call it the law of 

w 
Siemens. Here the ratio == is the meas- 

W 

ure of the efficiency of the motor, and the 

equation shows that we may make this 

efficiency as nearly equal to unity as we 

please, by letting the motor run so fast 

that e is very nearly equal to E : which 

is the true law of Efficiency of a perfect 

motor, supplied with electric energy 

under the condition of constant external 

electromotive force. 

Now go back to equation (3), which is : 

In order to find what value of c will give 
us the maximum value for w (which is the 
work done by the motor in unit time) we 
must take the differential coefficient and 
equate it to zero. 
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^=E-2cR=0, 
dc 

whence we have 

E 
But, by Ohm-s law,-:^ is the value of the 

current when the motor stands still. So 
we see at once, that to get maximum 
work per second out of our motor, the 
motor must run at such a speed as to 
bring down the current to half the value 
which it -^ould have if the motor were at 
rest. In fact, we here prove the law of 
Jacpbi for the maximum rate of doing 
work. But here since 

E-e , E 

it follows that 

E-e=iE; 

e , 

E=*' 

whence it follows also that 

>'^' W ' , 
— " — = i- 
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That is to say, the efficiency is but 50 per 
cent, when the motor does its work at the 
maximum rate.* 

* It may be worth while to recaH a precisely paral- 
lel case that occurs In calculating the currents from a 
voltaic battery. Every one is familiar with the rule for 
grouping a battery which consists of a given number 
of cells, viz.: that they will yield a maximum current 
through a given external resistance when so grouped 
that the internal resistance of the battery shall, as 
nearly as possible, equal the external resistance. But 
this rule, which is true for maximum current (and, 
therefore, for maximum rate of using up the zincs of 
one's battery) is not the case of greatest economy. 
For if external and internal resistance are equal, half 
the energy of the current will be wasted in heat in the 
cells, and half only will be available in the external 
circuit. If we want to get the greatest economy, we 
should group our cells so as to have an internal resist- 
ance much less than the external. We shall not get 
so strong a current, it is true ; and we shall use up our 
zincs more slowly ; but a lar greater proportion of 
the energy will be expended usefully, and a far less 
proportion will be wasted in heating the battery cells. 
The maximum economy will, of course, be got by 
making the external resistance infinitely great as 
compared with the internal resistance. Then all the 
energy of the current will be utilized in the external 
circuit, and none wasted in the battery. But it would 
take an inflnitely.long time to get through a finite 
amount of work in this extreme. The same kind of 
reasoning is strictly applicable to dynamos used as 
generators, the resistance of the rotating part of the 
circuit being the counterpart of the internal r^ist- 
ance of the battery cells. For good economy the re- 
sistance of the armature should be very low as com- 
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Now, though several graphic construo- 
tions have been suggested to convey 
these facts to the eye, none have hitherto 
been, to my mind, quite satisfactory. I 
have, therefore, worked out a new con- 
struction, which enables me, in one dia- 
gram, to exhibit graphically both Jacobfs 
law of maximum rate of working, and 
Siemens' law of efficiency. 

Let the vertical line, a b (Fig. 52) rep- 
resent the electromotive force E, of the 
eleotric supply. On a b construct a 
square, a b c d, of which let the diagonal 
BD be drawn. Now measure out from 
the point b, along the line b a, the counter 
electromotive force e of the motor. The 
length of this quantity will increase as 
the velocitv of the motor increases . Let 
e attain the value b f. Let us inquire 
what the actual cun*ent wiU be, and what 
the energy of it ; also what the work done 
by the motor is. First complete the con- 
struction as follows : Through f draw 

pared with that of the external circuit. Mr. Edison 
seemj^o have been stra<jk by this point, as his en- 
deavors to reduce the resistance of his armature coils 
to the utmost limit of possibility show. 



183 



r G H, parallel to b c, and through g draw 
KGL, parallel to ab. Then the actual 
electromotive force at work in the ma- 
chine, and producing the current, is 
E— e, which may be represented by any 
one of the lines a f, k g, o h, or l c. Now 
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the electric energy expended per second 
is 

(E-6) 



E 



R 



and the work done by the motor is 

* R 

Since R is a constant, the relative 
values of the two may be written re- 
spectively : 
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E (E-c) 
and 

e(E-€). 
Now 

area a f h d=E(E— «), 
and 

area gl c H=e(E— 6). 

The ratio of these two areas on the 
diagram is the efficiency of the motor. 

Let us turn to Fig. 53, in which these 
areas are shaded. This figure represents 
a case where the motor is too heairily 
loaded, and can turn only very slowly, so 
that the counter-electromotive force e is 
very small compared with E. Here the 
area, which represents the energy ex- 
pended, is very large ; while that which 
represents useful work realized in the 
mutor is very small, llie efficiency is 
obviously very low. Two-thirds or more 
of the energy is being wasted in heat 

Next, let us turn our attention to the 
smaller area, o l c h. Obviously, the 
value of this area will depend upon the 
position of the point f ; for if f is very 
near b, the area will be very small. If 
F moves upward, the area, a l o h, will 
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have a value that increases up to a certain 
point, and then diminishes again ; for if 
F be taken very near a (that is, if e be 
very nearly equal to E), the area, a l o h, 
will become again a very narrow strip. 
Of all the possible cases, the area of this 
rectangle will be a maximum when g is 
midway between b and d ; for of all pos- 
sible rectangles that can be inscribed in 
the triangle, b c d, that rectangle which 
is a true square will have the greatest 
value, as drawn in Fig. 54. But if a is 
midway between b and d, the rectangle, 
G L H, will be exactly half the area of 
the upper rectangle, a f h d ; which is, 
in fact, Jacobi's law of the efficiency of a 
motor doing its work at its greatest pos- 
sible rate. Also f will be half way be- 
tween B and A, which signifies that 

Again, consider these two rectangles 
when the point g moves indefinitely near 
to D ,Fig. 55). We know, from Euclid's 
Second Book, familiar from our school- 
days, that the rectangle, g l c h, is equal 
to the rectangle, a f g k. The area 
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(square), k a h d, which is the excess of 
A F H D, over A F a E, must, therefore, 
represent that part of the electric energy 
which is wasted in heating the resistance 
of the motor and circuit In Fig. 53 this 
comer square, which stands for the heat- 
waste, was enormous. In Fig. 64 it was 



Fig.54 



Fig.55 











"^t: 


.^ 










1:. 










:nXv^. ,: : ^ 




r> 








/ 








J 


/ 










/ 












/ 










^ 



H 




B 

Geometric illustration Geometric illustration 

Jacobins law of maxi- Siemens*8 law of effi- 

mum rate of doing ciency. 
work. 

exactly half the energy. In Fig. 55 it is 
only about one-eighth. Clearly, we may 
make the heat-waste as small as we please, 
if only we will take the point f very near 
to A. The efficiency will be a maximum 
when the heat-waste is a minimum. The 
ratio of the areas, g l c h and a f h d, 
which represents the efficiency, can only 
become equal to unity when the square, 
K G H D, becomes indefinitely small ; that 
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is, when the motor runs so fast that its 
counter-electromotive force, e, differs from 
E by an indefinitely small quantity only. 
Further, it is clear that if our diagram is 
to represent any given efficiency — for ex- 
ample, an efficiency of 90 per cent., then 
the point, g, must be taken so that the 
area g l c h = 9-lOths of the area a r h d; 
or G must be 9-lOths of the whole dis- 
tance along B D. This involves that e 
shall be equal to 9-lOths of E, or that the 
motor shall run so fast s^s to reduce the 
current to 1-lOth of what it would be if 
the motor were standing still. Thus we 
verify, geometrically, Siemens' law of 
efficiency.* 

* We have all along supposed the motor to be a 
* perfect " one, that Is to say, one which gave out as 
available mechanical work all the electric work it 
took from the supply of energy of the cuiTcnt. No 
motor does this, because of friction, Ac. But it is 
easy to adapt the construction to the case. Suppose 
when working the motor as a generator, so as to give 
an electromotive force e, we found that it was capa- 
ble of converting 80 per cent of mechanical energy 
into electrical energy ; then we may put down the 
efficiency of the motor, per se, under the given condi- 
tions at 80 per cent. All we have, then, to do, is to 
take an area S-lOths of the size of the area o l c h (or 
cut off l-5th of G L c H», and this will really represent 
the available mechanical work of the motor. 
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In all the preceding discussion, I have 
supposed that the motor is to be worked 
with a supply of current furnished at a 
fixed electromotive force. It is not only 
convenient, but I believe wise, to make 
such a condition the basis of the argu- 
ment, because this is probably the con- 
dition under which electric power will, in 
the not very distant future, be distributed 
over large areas. It would be absurd, in 
the present stage of electro-technical sci- 
ence, to deal with such a question as the 
construction and use of motors, without 
taking into account the practical condi- 
tions under which they will be used. It 
is true that the condition of having a 
constant fixed electromotive force is not 
the only condition of supply ; for, as we 
have seen in preceding lectures, a gener- 
ator or system of generators may be 
worked so as to yield a constant current. 
And it would be quite possible to formu- 
late a set of rules for the efficiency and 
maximum duty of motors under this con- 
dition. But this method of distributing 
electric power is far less likely to be of 
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importance in the near future than the 
system of distribution with constant elec- 
tromotive force ; ^hough for the case of 
transmission of power to an isolated sta- 
tion, the case becomes of importance. 
One simple problem connected with this 
case is worthy of mention. Suppose that 
one is desirous of workinpT a motor, so as 
to do work at the rate of a specified num- 
ber of horse-power, and that the wire 
available to brin^ the current cannot 
safely stand more than a certain current, 
without being in danger of becpming 
unduly heated^ It might be desirable to 
know what electromotive force such a 
motor ought to be capable of giving back, 
and what electromotive force must be ap- 
plied at the transmitting end of the wire. 
Let N stand for the number of horse- 
power to be transmitted, and c for the 
maximum strength of current that the 
wire will stand (expressed in amperes.) 
Then, by the known nile for the work of 
of a curi'ent, since— 
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gWes the condition as to what electro- 
motive force the machine must be capable 
of giving, when running at the speed it is 
eventually to run at as a motor. More- 
over, the primary electromotive force, E, 
must be such that 

where ^B is the sum of all the resistances 
in the circuit. Whence, 

which is the required condition. 

Another problem in the application of 
motors to transmission of power, which 
vitally affects their construction, is the 
determination of the relation of the heat- 
waste to the electromotive force at which 
the current is supplied to the motor. 

If, as before, ^E stands for the sum of 
all the resistances in the circuit, then, by 
Joule's law, the heat- waste is (in mechani- 
cal measure) 
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And, since c= ^.p we may write the heat- 
waste as 



HJ= 



^K • 



Now suppose that without changing the 
resistances of the circuit we can increase 
E, and also increase e, while keeping E — e 
the same as before, it is clear that the 
heat loss will be precisely the same as be- 
fore. But how about the work done? 
Let the two new values be respectively E' 
and t'. Then the electric energy exi^end- 
ed is — 

EXE'-eQ 

and the useful work done is — 

, «'(E'-e') 

That is to say, with the no greater loss in 
heating, more energy is transmitted, and 
more work done. Also the efficiency is 
greater, for 

10' _ 6' 
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and this ratio is more nearly equal to 

e 
unity than — because both E and e have 
E 

received an increment arithmetically 
equal. Clearly, then, it is an economy 
to work at high electromotive force. The 
importance of this matter, first pointed 
out by Siemens, and later by Marcel De- 
prez, cannot be overrated. But how shall 
we obtain this higher electromotive force ? 
One vei-y simple expedient is that of driv- 
ing both the generator and motor at 
higher speeds. Another way is to wind 
the armatures of both machines with 
many coils of wire having many turns. 
This expedient has, however, the effect of 
putting great resistances into the circuit. 
This circumstance may, nevertheless, be 
no great drawback, if there is already a 
great resistance in the circuit — as, for ex- 
ample, the resistance of many miles of 
wire through which the power is to be 
transmitted in this case ; doubling the 
electromotive force will not double the 
resistance. Even in the case where the 
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line resistance is insignificant, an economy 
is effected by raising the electromotive 
force. For, as may be deduced from the 
equations, when E — e is kept constant, 
the effect of doubling the electromotive 
force is to double the efficiency when the 
resistance of the line is very small as 
compared with that of the machines, and 
to quadruple it when the resistance of 
the line is very great as compared with 
that of the machines. It is, in fact, 
worth while to put up with the 
extra resistance, which we cannot 
avoid if we try to secure high electro- 
motive force by the use of coils of fine 
wire of many turns. It is true that the 
useful effect falls off, cceteris paribusy as 
the resistance increases : but this is 
much more than counter-balanced by 
the fact that the useful effect increases 
in proportion to the square of the elec- 
tromotive force. 

In the recent attempt of M. Marcel 
Deprez to realize these conditions, in the 
transmission of power from Miesbach to 
Munich through a double line of tele- 
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graph wire, over a distance of thirty- four 
miles, very high electromotive forces 
were actually employed. The machines 
were two ordinary Gramme dynamos, 
similar to one another, but their usual 
low-resistance coils had been re- 
placed by coils of very fine wire. The 
resistance of each machine was conse- 
quently 470 ohms, whilst that of the line 
was 950 ohms.* The velocity of the 
generator was 2,100 revolutions per 
minute; thaf of the motor 1,400. The 
difference of potential at the terminals 
of the generator was 2,400 volts; at 
that of the motor 1,600 volts. Accord- 
ing to Professor von Beetz, the Presi- 
dent of the Munich Exhibition, where 
the trial was made, the mechanical effi- 
ciency was found to be 32 per cent. M, 
Deprez has given the rule that the efficiency 

w 

== is obtained, in the case where two 

W 



* These figures, and those which follow, are ffiven 
on the authority of the President of the Munich Exhi- 
bition, Professor von Beetz. It is but fair to add that 
M. Deprez is not satisfied of their accuracy. 
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identical machines are employed, by com- 
paring the two velocities at the two sta- 
tions. Or 

w n 

where N is the speed of the generator, 
n that of the motor. There is, however, 
the objjection to this formula, that the 
electromotive forces are not proportional 
to the speeds unless the magnetic fields 
of the two machines are ftlso equally in- 
tense, and the current running through 
each machine the same. This is not the 
case if there is leakage along the line. 
Moreover, when there are resistances in 
the line, the ratio of the two electromotive 
forces of the machines is not the same 
as the ratio of the two differences of po- 
tentials, as measured between the term- 
inals of the machines. 

I now turn back from these somewhat 
abstract questions, to consider by the 
light we have already derived, some 
points in the design and construction of 
motors. We shall find that many of the 



196 



rules suggested in my former lecture are 
applicable also to the case of motors, and 
supply answers to many of the questions 
that naturaUy arise. 

In the first place, shall we build mo- 
tors large, or shall we build numbers of 
small ones ? In my first lecture I proved 
that, in the dynamo used as a generator, 
the capacity for doing work increased as 
the fifth power of the linear dimensions ; 
that by doubling a dynamo in length, 
breadth,and tbickness, we had a machine 
weighing eight times as much, costing 
less than eight times as much, but capa- 
ble of doing thirty-two times the work, 
and that with a great gain in economy in 
working. 'I'he same thing is true of 
motors. Suppose instead of building 
eight small motors, we build one large 
one, of doubled dimensions. It will not 
cost so much as the eight, will get' 
through four times as much work as the 
eight put together, and will be more 
economical in working. I assume here, 
of course, that the large machine can be 
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placed under equally advantageous con- 
ditions of supply. 

This is by no means the only one of 
the points in the theory of the dynamo 
which can be applied . to practice in the 
cases in which the dynamo is used as a 
motor. I will give another example. 

In the prospect of an immediate field 
of usefulness opening out for motors, so 
soon as we have such a thing as regular 
towii suppHes of electric currents laid 
on, it is most important •that motors 
should be designed, not simply to work 
with the constant electromotive force 
suppHed at the electric mains, but de- 
signed also to work at uniform speeds. 
It is highly important for example in 
driving a lathe, and indeed, many kinds 
of machinery, that the speed should be 
regular, and the motor should not '' run 
away " as soon as the stress of the cut- 
ting tool is removed. Now, in my sec- 
ond lecture, I spent some time explain- 
ing the methods by which M. Marcel 
Deprez and Professor Perry had solved 
a converse problem to this, namely, that 
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of getting a dynamo to feed a circuit 
with currents at a constant electromo- 
tive force, when driven with a uniform 
speed. The solution to that problem we 
saw consisted in using certain combina- 
tions for the laeld magnets which gave 
an initial magnetic field, independently 
of the actual current furnished by the 
dynamo itself. Now, it is not hard to 
see that this problem may be applied 
conversely, and that motors may be built 
with a combination of arrangements for 
their field magnets, such that when sup- 
plied with currents at a certain constant 
electromotive force, their speed shall be 
constant, whatever the work or no work 
which they may be doing. The one dif- 
ficulty in the problem — and this is a 
mere matter for experiment and calcula- 
tion — is to find the critical number of 
volts of electromotive force at which this 
will hold good. It is, in fact, the con- 
verse to the operation of finding the 
critical velocity at which one of Deprez's 
or of Perry's combination dynamos must 
be driven, in order that it may give a 
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constant electromotive force. M. Marcel 
Deprez has; himself, constructed motors 
upon this plan. Some three years ago, 
I saw one of Deprez's motors, which ran 
at a perfectly uniform speed, quite irre- 
spective of the work . it was doing. 
Whether it was lifting a load of five 
kilogrammes from the ground, or was 
letting this load run down to the ground', 
or ran without any load at all, the speed 
was the same. At the Paris Exposition 
Electrique of 1881, a large number of. 
Deprez's motors were shown, running at 
uniform speed and driving various ma- 
chines, lathes, sewing-machines, &c. 

Amongst others who have aimed at 
producing a motor to work at uniform 
speed, are Professors Ayrton and Perry. 
Professor Ayrton informs me that one of 
these motorsf weighing only 350 pounds, 
will give an effective power equal to 
8-horse power, and that "without any 
mechanical governor ; without anything, 
in fact, in the nature of a moving gov- 
ernor, it always goes at the same speed, 
whatever work it has to do." Certain 
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little legal matters connected with the 
protection of this invention have de- 
barred Professor Ayrton from informing 
me more fully of the new machine, 
which, if it fulfils the promise of its in- 
ventors, will be a great step forward in 
the mechanical application of electricity. 
But I can hazard a guess that the ar- 
rangement for obtaining uniform speed 
is dependent on the prior condition that 
the motor be supplied, either with a con- 
stant electromotive force, or with a con- 
stant current of a certain " critical " 
value ; and that the solution of the prob- 
lem is virtually one of the cases of com- 
bination, the counterpart of which, as 
applied to generators, I discussed last 
week. 

- It is, of course, possible to use as a 
motor any direct cursent dynamo, 
whether the field- magnets be series- 
wound, shunt-wound, separately excited, 
or permanently magnetized. There is 
this curious point of difference in differ- 
ent cases. Suppose the dynamo to be 
arranged so as to work as a generator. 
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and then to be supplied with currents 
from an exterior source, to make it work 
as a motor. If the dynamo is series- 
wound, it will run the reverse way (or 
against its brushes), no matter which 
T^ray the currents run through it. If the 
dynamo be shunt-wound, it will run with 
its brushes, whichever direction the cur- 
rent runs through it. The direction of 
rotation taken by the separately excited 
and the magneto-machine will also be 
with the brushes, if the current is in the 
right direction, through the armature. 
These points have to be taken into ac- 
count in any attempt to combine the dif- 
ferent systems. 

If we attempt to apply to motors 
rules and suggestions, such as those ap- 
plied to generators in the first of these 
lectures, we shall find that while some 
of them apply directly, others are sin- 
gularly in contrast. For example, we 
f oimd it advisable, for the sake of steady- 
ing the currents in generators, to use 
large and long field-magnets with plenty 
of iron, and with heavy pole pieces. In 
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the case of motors, there is no such ne- 
cessity laid upon us ; for we want here 
to produce a uniform steady rotation. 
Now, even if the impulses be intermit- 
tent, the mechanical inertia of the mov- 
ing parts will steady the motion. Elec- 
tric curents have no such inertia (except 
in so far as the self-induction in a circuit 
exerts an influence like that of inertia), 
and hence the precautions for genera- 
tors. In the case of generators, we 
found that, to produce steady currents 
we had to multiply coils on the armature 
in many separate paths grouped round 
a ring or a drum, involving a complicated 
winding, and a collecting apparatus con- 
sisting of many segments. In motors 
no such necessity exists, provided only 
we arrange the coils that there shall be 
no dead points. I do not say that for 
large motors, it may not be advisable to 
multiply the paths and segments for 
other reasons — as, for example, to ob- 
viate sparking at the collectors — but for 
securing steady running, the inertia of 
the moving parts spares us — at any rate^ 
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in small machines — ^the complication of 
parts which was expedient in the gener- 
ator. Some of the most successful of 
the little motors that have recently ap- 
peared — those, for example, of Deprez, 
Trouve, and Griscom* — have for their 
armatures the simple old shuttle-wound 
Siemens armature of 1856, and in these 
moljors, of course, there is the disadvan- 
tage of dead-points to take into ac- 
count. Deprez, in his first motors, 
placed this armature longitudinally be- 
tween the poles of a horse-shoe mag- 
net, with the axis parallel to the 
limbs. He has also constructed mo- 
tors with two such armatures on 
one spindle, one of the coils being 
90° in advance of the other, so that while 
one was at the dead point the other should 
be in full action. The same suggestion 
has been carried out in Akestor's motor. 
Trouve has tried to get over the dead- 
points, by utilizing the method of oblique 
approach mentioned earlier in my lecture. 
The Griscom motor, which has little cop- 

[* U. S. patent, No. 237,622, May 18, 1880.— H. R. B.] 
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per rollers as commutator brushes, has, 
for its field-magnet, a compact tubular elec- 
tro-magnet wound in series with the ar- 
mature. It has the disadvantage of dead- 
points. There is, in all these motors, the 
disadvantage that at every half-revolution 
the magnetism of the armature core is 
reversed ; and as in all these forms this 
core is of sohd iron, there must be waste 
by heating in the cores. In iact, to the 
rotating armatures of motors, as to those 
of generators, apply all the rules about 
sHtting to get rid of induced eddy-cur- 
rents, avoiding idle coils and useless re- 
sistances, &c. The rules about proper 
pole-pieces, adjustable brushes, multipli- 
cation of contacts, also are mostly applic- 
able to motors as well as to generators. 

In order to meet the case of a bandy 
and reliable motor, I liave designed a 
machine, the smallest size of which is on 
the table before you. The field magnets, 
which also constitute the bed-plate of the 
motor, are of malleable cast iron, of a 
form that can be cast in one, or at most 
two pieces. The form of them is that of 
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a Joule's magnet, with large pole- pieces, 
and wound with coils, arranged partly in 
series, partly as a shunt, in certain pro- 
portions, so as to give me a constant vel- 
ocity when worked with an external elec- 
tromotive force of a certain number of 
volts. 

As an armature, I employ a form which, 
I think, unites simplicity with efl&ciency 
for the end desired. I do not want dead 
points, and yet I do not want to have a 
complicated armature. I have, therefore, 
modified the old Siemens armature by 
embedding, as it were, one of the 
shuttle-shaped coils within another at 
right angles and having duplicated the 
coils, I must of course duplicate the 
segments of the commutator, which there- 
fore becomes either a four-part collector, 
or else a double collar, according to cir- 
cumstances. There are no solid iron 
parts in the armature, but the cores are 
made of thin pieces of sheet iron, stamped 
out and strung togeth er. Of the efficiency 
of this little motor you were witnesses a 
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little while ago, when I employed it in * 
the experiment with the galvanometer. 

There are here on the table two other 
forms of motor, one of which is the de- 
■esign of Mr. A. Keckenzaun, C.E., and 
which is interesting, because its armature 
though a drum-armature in form, in real- 
ity consists of independent coils, connect- 
ed, like those of the Brush dynamo, to 
separate commutators. There are, in 
fact, four commutators grouped as two 
twos, and the two pairs of brushes in 
contact with them. 

The other motor is one of the pattern 
invented by De Meritens, who employs a 
ring-armature very like that of Gramme, 
but places it between very compact and 
light field-magnets, which form a frame- 
work to the machine. There is one point 
about this machine of great interest, 
which is, however, a later addition. It is 
provided with a reversing gear, which, 
when I move the handle, reverses the 
direction in which it runs. This gear, 
which is the invention of Mr. Becken- 
zaun (to whom I am indebted for the 



' loan of this motor) is shown in fig. 56.* 
In it there are two pairs of brushes ; the 




REOEEHZAnNS RETKEtStNa OEAB. 



I [• A rSTerslDK gear for electric locomotives coa- 
stnicted In the same manner, tIz. : with two palra of 
brushes (flvInK a lead In either direction has been 
patented by Htepben D. ileld. No. S3a.35S, of Sept. 14, 
1880.-H, K. B.] 
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two upper are fixed to a common brash- 
holder, which turns on a pivot, and can 
be tilted by pressing a lever handle to 
right or to left. The two lower brushes 
are also fixed to a holder. Against each 
brush-holder presses a Uttle ebonite roll- 
er, at the end of a bent steel spring, fixed 
at its middle to the handle. The result 
of this arrangement is that, by moving 
the lever, the brushes can be made to 
give a lead in either direction, and so 
starting the motor rotating in either di- 
rection. Such a reversing gear is obviously 
a most essential adjunct for industrial 
applications of motors, and, if the diffi- 
culties of sparking at the brushes, caused 
by the sudden removals of them from the 
collector, be obviated, must prove much 
better than any mechanical device to re- 
verse the motion, by transferring it from 
the axle of the motor through a train of 
gearing to some other axle. One great 
advautiige of electric motors is, that they 
can be so easily fixed directly on the 
spindle of the machine they are to drive ; 

an advantage not lightly to be thrown 
away. 
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There is, indeed, an immense field for 
useful industrial application of the elec- 
tric motors, so soon as we once have at 
our disposal regular town-supplies of 
electric currents. Already we have got 
the little motors of Griscom, Howe, and 
others, adapted to work sewing-machines, 
and instruments requiring very small 
power. Larger motors for driving lathes 
and heavier machinery, though not yet 
much known to the public, are in the 
market. Measrs. Siemens have brought 
out an electric lift or elevator,* in which 
a small dynamo, itself running very quick- 
ly, drives an endless screw, and communi- 
cates a slow but powerful motion to a 
drum on which the hauling chain is wound. 
If town-supplies of electricity were ac- 
compHshed facts, such lifts would be 
multiplied. Indeed, there very many 
purposes for which hydraulic power is 
used, in which electric power might be 

* Dr. Hopkinsonhas also invented an electric lift, in 
which the armature of the motor, running at a bigph 
speed, works the chain of the lift by a train of toothed 
wheels, which reduce the speed. This elevator was 
shovni in operation at the Paris Exposition of 1881. 
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advantageously BubsidtntecL The electric 
railway, dimly foreshadowed by George 
little in 1844, when he patented an 
"electromotive," has become an estab- 
lished fact. From the electric railway 
first established in Berlin in 1880, by 
Siemens and Halske, we already have bad 
the further developments of the electric 
tramway in Paris, and the experimental 
electric railway at the Crystal Palace. 
Edison has constructed an electric railway 
at Menlo Park, and built electric locomo- 
tives to ply upon it. Nor must I omit to 
mention how, in the bleaching fields of 
France, an electric tramwav does most 
satisfactory duty ; nor how, finally, in 
the sister isle, at the Giant's Causeway, 
Messrs. Siemens Brothers have estab- 
a line of electric railway, which i6 now 
actually in operation. 

Latest of all the appHcation^ of the 
dynamo as a motor is that of electric 
navigation. Jacobi, as we know, fitted 
up, in 1838, an electric paddle-boat, 
which he propelled on the Neva, first 
with Daniell's and afterwards with 
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Grove's cells, and was very able, when he 
used 128 large cells, to carry fourteen 
persons against the stream, at a speed 
of about li miles per hour. 

M. Trouve, of Paris, was the next to 
apply electric power, in the shape of 
Plante's acciunulators, to a pleasure- 
boat, with which he navigafied the Seine. 
But M. Trouve has more recently aban- 
doned storage cells, and has returned to 
the use of a bichromate battery, where- 
with to drive the little boats, which he 
fits up with his little motors, mounted 
upon the top of the rudder, and turning 
a light screw-propeller by a driving belt, 
which passes down behind the rudder 
into the water. 

Still more recent is the electric launch 
which made its trial trip on the 
Thames,* last September. This is an 

* In 1866, Mr. G. E. Derin^ oonstmcted^ at Messrs. 
Searle's, an electric boat worked by a motor, in 
which the rotation was effected by magnets arranged 
within coils, like galvanometer needles, and acted on 
successively by currents from a battery. It suc- 
ceeded, I am informed, in making headway, though 
at small speed, against the tide at its swiftest. 
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iron boat twenty-five feet long, fitted 
with a screw, and able to carry twelve 
persons, while running against the tide, 
at a pace of eight miles an hour. No 
existing motor of requisite power hav- 
ing yet been made of a form convenient 
to place directly upon the axis of the 
propeller, the expedient has, in this case, 
been resorted to of driving the screw by 
belts from an overhead counter shaft, 
which receives its motion from two small 
Siemen's dynamos placed below. The 
arrangements of the machinery of the 
boat are depicted in Fig. 57. Each of 
these dynamos has been provided by Mr. 
Eeckenzaun, who designed the fittings 
of the launch, with reversing gear like 
that shown in Fig. 66. The current, 
which actuates these dynamos, is derived 
from forty-five accumulators of the Sel- 
lon-Volckmar type, which are charged 
while the launch lies at its moorings. 
Though this is a great step in electric 
navigation, I venture to believe that it is 
yet but a beginning of greater things. 
As with steamboats so with electric-boats, 
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Fig.57 




MACHINBRY OP THE LAUNCH "ELECTRICITY." 
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we shall find that we begin with small 
experimental attempts, and increase in 
size as experience dictates. It is but a 
few days since I was reading, in an old 
Tolome of the JPhUosophical Magazine 
for the year 1801, of Symington's early 
little steamboat — ^the forerunner both of 
Fulton*s and of BelFs — and the writer of 
the article hardly dared to think of 
this as more than an ingenious experi- 
ment, and doubted whether large yes- 
sels could eyer be practically driyen by 
steam. When I read this curious narra- 
tiye, I bethought me of the trial trip of 
the little launch JElectridty^ and began 
to think that I was not so yery hopeless- 
ly wrong, when I wrote in September 
last : " Who shall say to what propor- 
tions this latest application may not at- 
tain in the next decade!"* Could we 

* It is well known that a no less authority than Dr 
Lardner publicly pronounced it impossible for any 
steamboat eyery to carry coals enoucrh to enable her 
to cross the Atlantic . It is also recorded that a very 
eminent public man offered to swallow the boilers of 
the first steamboat that should succeed in crossing 
the Atlantic. But he would be a bold man who would 
now-a-days promise to swallow the accumulators or 
the dynamos of the first electric boat that shall suc- 
cessfully make the same trip across the water. 
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look forward, and see with our eyes to- 
night the electric boats of fifty years 
hence, we should not, perhaps, be more 
surprised than those who beheld the first 
rude steamboat would be, if they could 
now rise from their graves to behold the 
great ocean-going steamships of to-day. 
Indeed, when I look around, and see so 
many opportunities for the future appli- 
cation of electric motive power ; so many 
instances in which the dynamo would 
supply a welcome and economicalf meUns 



t As to the economy of electric motive power, I may 
perhaps be allowed to quote a passage from a recent 
lecture of my own in Bristol, in which a concrete 
case Is presented : " When it is possible thus to ob- 
tain power by merely turning on a tap, there will be 
an enormous impetus to all kinds of small machinery. 
Motors to work sewing-machines already exist, and 
would be used literally by millions if the source of 
electricity were but at hand, in the form of a friendly 
wire always ready to bring the needed power. . . . 
Again, the establishment of a town supply of elec- 
tricity will tend unquestionably to develop the indus- 
tries of small workshops and home workshops, where 
a little power is required. I have already explained 
how, with steam power, small engines of one horse- 
power or less are uneconomical. But with electricity 
it is not so. The smallest electro-motors may be 
made just as economical as are the largest. There is, 
moreover, another point in their favor. They may be 
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of doing that which is now done by less 
adyantageoos means, I b^;in to wonder 
why we do not establish central supplies 
of electric currents for this purpose, 
which is surely as important as electric 
lightmg. Here we have the possibiliiy 
of introducing machinery that is portable 

made far smaller, lighter, more compact, and far 
cheaper than steam-engines of corresponding power. 
... It is certainly possihie to constract an electric 
motor of two horse-power for ten pounds, and such 
a motor would be ample for the purposes of many 
small workshops. Why do we not, it may be asked, 
hear and see more of these little machines, if they are 
so excellent? Why do not people adopt them? The 
answer is simply they cannot be used until we have a 
central supply of electricity. I do not hesitate to af- 
firm that such motors will be found to present an 
enormous economy in comparison with steam-engines 
of equsJ power. Take the case of a small workshop 
which wants just two horse-power to turn a few lathes 
or drilling machines. A small steam-engine and boiler 
will, together, cost about £70 ($350), and the consump- 
tion of coal will be about 13 lbs. weight per hour. In- 
stead of this, put in a motor costing, let us say, £90 
($100), which allowb for handsome profits on manufac- 
.ture. Here is a saying in capital outlay at once. More- 
over, the motor may be put right into the worlcshop, 
for it is small— perhaps two feet long, eighteen inches 
broad, and one foot high— and is not liable to leak or 
explode. The next point to consider is the cost of run- 
ning it. Let us suppose that it has only an efficiency 
of 70 per cent., or that it only turns 7-lOths of the 
energy of the current into useful mechanical work. 
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and light, giving out power without the 
inconveniences and risks hitherto attend- 
ing the employment of power. Surely 
there must be many workshops in every 
town where the owner would be glad of 
having power without the trouble and 
danger of a furnace, boiler, and steam- 

(Many motors will do far more than this.) Let us also 
suppose that tlie currents are furnished hy a dynamo 
whose efficiency is 00 per cent, (which figure is also 
capable of beinir attained in practice), worked by a 
larfce central steam-en^ne, consuming only 1^ lbs. of 
coal per horse-power. Allow 4 per cent, for loss, by 
resistance, in the conducting cables; this reduces the 
total efficiency of the generator to 86 per cent., and 
of that 86 per cent, only 7-lOths— 1. «., 6a2 pet cent — 
is eventually converted back into useful work by the 
motor. We have, then, 40 per cent, wasted in order 
to gftt 60 per cent, of useful work. How does this 
affect the coal consumption for two horse-power f At 
the central station 8 lbs. of coal per hour would suf- 
fice were there no loss In conversion into electric en- 
ei^y, and back again into mechanical power. As it 
is, 5 lbs. of coal per horse-powei; will be needed, 8 lbs. 
of which represent the 60 per cent, of useful power 
transmitted, and 2 lbs. to represent the 40 per cent, 
wasted. In practice I believe, a far less margin of 
waste might be looked for. Yet even with this large 
waste there is still an immense economy effected, for 
we get our two horse-power by an expenditure of 5 
lbs. of coal at the central station, instead of 13 lbs. of 
c«al in the furnace of a small steam-engine. It is 
clear, then, that electricity offers an enormous fut- 
ure to small motor machinery.'* 



